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In the recent years our understanding of the frontal lobe functions has greatly advanced. The 
advances in the field of the neuropsychology, neuroimaging and neurosciences all 
contributed to a rapidly changing perspective on the role of the frontal lobes in behaviour and 
cognition and they also changed clinical approaches to the evaluation of patients with frontal 
lobe disorders. The structure of the brain can be non-invasively assessed in vivo using 
magnetic resonance imaging (MRI). The MRI diffusion tensor imaging (DTI) can be used to 
reconstruct the human brain white matter and to quantify their microstructural integrity.  
 
The aim of this thesis is to investigate the anatomy of the frontal networks underlying 
cognitive and behavioural functions and includes three studies: an investigation of the 
association between extra-motor white matter tracts and cognitive and behaviour symptoms 
in Motor Neuron Disease (MND); a study of the ventral fronto-temporal network and its 
association with behavioural symptoms in Primary Progressive Aphasia (PPA); a study to 
investigate the association between white matter abnormalities in several long association 
tracts and deficits in non-verbal and verbal communication in Autism Spectrum Disorders 
(ASD).  
  
Overall, the findings of this thesis indicate that both uncinate fasciculus and cingulum are 
frontal lobe structures particularly vulnerable to disease regardless the nature of the 
underlying pathology. Damage to these tracts could manifest with abnormalities in several 
aspects of social behaviour and cognition. These considerations will help to broaden our 
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Chapter 1 Introduction to the Frontal lobe  
 This chapter provides a background of the major topics that are discussed in greater 
detail throughout this thesis. The emergence of the frontal lobes as an anatomical structure 
and the progressive expansion of its functional correlates are reviewed in the historical 
introduction. Structural changes from birth to old age are reviewed in the second paragraph to 
facilitate the interpretation of the neuroimaging findings discussed in the experimental 
chapters. The paragraphs on surface, sectional and connectional anatomy offer an update on 
the current international nomenclature used to the described the major structures of the 
frontal lobes. The chapter closes with an introduction to the main clinical syndromes of the 
frontal lobe and their anatomical correlates.  
 
1.1 Historical overview 
This historical review is not a comprehensive index although it has the aim to emphasize the 
key developments in frontal lobe research that have relevance to this actual thesis. Hence, 
greater attention has been dedicated to those milestones that have advanced our 
understanding of frontal lobe role in behaviour, emotion, memory and social cognition.   
 ‘Frontal lobe’ was first proposed by the French physician and anatomist Felix Vicq d’Azyr 
in 1786 to indicate the most anterior part of the brain. He suggested that the old subdivision 
of the brain into anterior, middle and posterior lobes should be replaced by a new 
nomenclature that borrowed its terminology from the names of the bones forming the skull 1. 
While the emergence of the ‘frontal lobe’ as a distinct anatomical structure had a precise date 
in time, the demonstration of its functional roles in cognitive functions and behaviour has 
occurred slowly over the last 250 years 2.  
At the beginning of the 19th century, Franz Josef Gall and Johann Gaspar Spurzheim were the 
first to believe that mental functions were localized in discrete parts of the brain, which they 
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called cortical ‘organs’. They proposed several functions of the ‘frontal organs’, some of 
which were broadly related to memory, language and social behaviour 3. In the mid-19th 
century Gall and Superzheim doctrine fell into disrepute but their idea of localized mental 
functions had a deep and lasting impact on many influential French academics, including 
Ernest Aubertin and Paul Broca. These authors provided direct demonstration of an 
association between damage to the frontal lobe and deficits of language production, a 
conclusion that was strongly opposed by those who believed in holistic ideas of brain activity 
4,5. At the same time, evidence for motor functions of the frontal cortex were brought forward 
by experimental physiologists and neurologists. In Germany, Gustav Theodor Fritsch and 
Eduard Hitzig demonstrated that the grey matter is capable of excitation and the electrical 
stimulation of the posterior-frontal cortex in animals produces movement in the contralateral 
muscles in a reproducible and orderly way6. These observations, coupled with the clinical 
report by John Hughlings Jackson of focal motor seizure spreading along the motor strip 
(later referred to as ‘Jacksonian march’), led to the consolidation of the idea that motor 
functions can be localised in the frontal lobe 7. The third line of evidence for an association 
between frontal lobe and ‘higher cognitive functions’ came in 1869 from the American 
physician, John Martyn Harlow who published the case of Phineas Gage whose remarkable 
‘Recovery from the Passage of an Iron Bar through the Head’ provided the first evidence of 
the involvement of the frontal lobe in tasks related to emotion and decision making 8 9,10 2,11. 
The description of the serendipitous case of Phineas Gage was soon followed by the work of 
Arnold Pick, who reported the case of a 71-year-old man with focal senile atrophy and 
aphasia 12. He later refined his anatomical observations and specified that the pathology was 
characterised by a prominent ‘bilateral frontal atrophy’13. In recognition of this work, the 
association between frontal lobe atrophy and dementia was later indicated as Pick disease. 
Thus, by the end of the 19th century the frontal lobe was conceptualised as a mosaic of 
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cortical areas specialised for language production, motor execution, emotion and decision 
making. While the localizationist stances of this view were rather evident, clinicians were 
also aware of specific disorders affecting more than one frontal function suggesting, at least 
from a clinical point of view, some degree of overlap. Patients with Pick’s disease, for 
example, had often cognitive problems that extended to the language domain 12. Those 
disorders affecting primarily the motor functions, such as Amyotrophic Lateral Sclerosis, 
were also thought to have an impact on emotion processing and language 14.  
The last functional role to be ascribed to the frontal lobe has been the involvement in social 
cognition and personality. This aspect of the frontal lobe function was already suggested by 
Dr Harlow report of Phineas Gage’s behavioural change after the accident 8: ‘who regarded 
him as the most efficient and capable foreman ... considered the change in his mind so 
marked that they could not give him his place again.... He is fitful, irreverent, indulging at 
times in the grossest profanity (which was not previously his custom), manifesting but little 
deference for his fellows, impatient of restraint or advice when it conflicts with his desires.... 
A child in his intellectual capacity and manifestations, he has the animal passions of a strong 
man....’. Experimentally, the pioneering work of Leonardo Bianchi, Professor of Neurology 
and Psychiatry at the University of Naples, supported some of Harlow’s clinical observations 
15 16 17. Having noted that unilateral ablations of frontal lobe in monkeys and dogs were 
without effect, he described the changes he observed after bilateral removals. The animals 
showed no sensory or motor defects but there were ‘profound changes in character’. They no 
longer showed affection for people whom they used to, and when approached they were 
likely to be fearful. They were no longer sociable with other monkeys nor did they engage in 
play. They were impulsive and when frustrated they became violent. Bianchi offered a broad 
interpretation of these changes. Bilateral prefrontal ablation ‘does not so much interfere with 
the perception taken singly as it does disaggregate the personality’. The animal was no 
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longer capable of ‘serializing and synthesizing groups of representations’. Their displays of 
fear and their agitation were direct consequences of this inability to integrate experiences and 
of their ‘defective sense of personality’. Bianchi argued that human frontal lobes were 
particularly dedicated to the elaboration of higher cognitive functions and they have a key 
role in maintaining normal behaviour and personality rather than ‘general intelligence’ 18. 
These results brought to the attention of many psychiatrists the frontal lobe impairment as 
possible cause of mental health disorders.  
Common to all studies of frontal lobe pathology was the focus on cortical function and 
cortical pathology with little mention of the role of its connections. This changed with the 
emergence of histological and electrophysiological techniques for the study of the brain 
circuits. The work of James Papez is certainly the most celebrated example of this approach. 
He formulated the first network model for linking action and perception to emotion that 
involved part of the frontal lobe 19. A decade later, Paul Yakovlev, independently from 
Papez, proposed that the orbitofrontal cortex, insula, amygdala and anterior temporal lobe 
form a network underlying emotion and motivation 20. Both Papez and Yakovlev view were 
then incorporated into a model of the limbic system that remained unchanged since then  21,22. 
The above new proposed models converged interest of neurosurgeons as they provided the 
anatomical rational for possible treatment of mental disorders by causing either cortical 
ablation (lobectomy) or disconnection (leucotomy) of the frontal lobes. A network approach 
to frontal lobe functions has been recently revitalized by the advent of functional and 
diffusion MRI and their application to neuropsychiatric disorders, such as schizophrenia and 
autism, whose pathology is often elusive. 
 
1.2 Frontal lobe development and aging 
 Normal human brain development is a complex and protracted process that begins early 
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in gestation with different maturation stages that are specific to different brain regions. Brain 
development follows a hierarchical progression with brainstem and cerebellum maturing first, 
followed by primary sensory and motor cortex and finally associative areas of the frontal and 
parietal lobes 23.  
In humans, frontal regions represent 27% of the brain size and their maturation begins in 
childhood continuing in the adolescence in parallel with the progress in attention control, 
cognitive flexibility, processing and executive functions abilities. As a consequence, a 
damage to frontal regions during their early development can interrupt the frontal lobe 
maturation and contribute to explain intellectual impairment in children. The frontal lobe 
development comprehends a prenatal and a postnatal phase. In the prenatal period, at 
approximately six months’ gestation, the cortical neurogenesis is complete and neuroblasts 
can migrate to their permanent locations leading to differentiation and establishing 
connections 24.  
In typical postnatal development a number of major growth periods can be identified, 
including (1) major dendritic growth from birth to 3 years’ life 25; (2) peak in myelination 
from 7 to 9 years 26; (3) increase in grey matter volume and further myelination from 10 to 12 
years 26; (4) increase in grey matter density and decrease in gray matter volume from 
adolescence to early adulthood 27-30. 
As for the frontal lobe, the development of the executive functions shows a stage-like 
progression achieving the mastery in most of them by the age of 12 years. Attentional 
control, cognitive flexibility, goal setting and processing speed are the main four subdomains 
of the executive functions with a different development trajectory. Attentional control or 
capacity of self-regulation emerges from the age of 7-12 months and stabilizes between the 
age of 6 and 7 years 31. Cognitive flexibility defined as the capacity to learn from mistakes 
and plan different strategies emerges at the age of 3 years 32. Goal setting is the ability to 
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enhance strategies to solve a problem and this matures from middle childhood until the late 
adolescence. Processing speed develops rapidly between 6 and 12 years of age. Current views 
demonstrated that in the developing brain the underlying basis of executive functions are 
more distributed than in the mature brain. As noted above, brain development follows a 
hierarchical progression with posterior brain region maturation preceding the development of 
the anterior regions. Thus, in this stage frontal lobe is less likely to be important for efficient 
executive functions and consequently the integrity of the entire brain appears to be more 
critical to carry out executive tasks when the brain is not mature.  
As the brain ages, there is an increasing probability of losing neurons, synapses and 
transmitters. The adult human brain contains approximately 20 billion neurons. Unbiased 
stereological methods showed that between the age of 20 to 90 years the neocortex loses 10% 
of its neurons, reflecting a great vulnerability to cognitive decline 33. Moreover, the effects of 
aging on the brain size are also well documented. The brain usually shows no changes in size 
until the 40s and 50s and then declines over many decades. Longitudinal studies showed that 
age-related atrophy is greater in the frontal lobe (0.9%-1.5% per year) than in the posterior 
brain regions and some evidence suggested that the most pronounced volumetric decline is in 
the prefrontal cortex with a loss of up to 5% per decade 34-36. Significant correlations have 
been reported between age-related executive control deficits and prefrontal cortex atrophy in 
older adults 37-41. Moreover, Cardenas et al. 42 found that smaller lateral prefrontal cortex 
volume predicted executive function decline.  
Aging could also lead to different kind of alterations as reduced dendritic length and fewer 
neocortical synapses. Postmortem studies showed that age-related white matter loss occurs 
throughout the brain but it is more pronounced in the prefrontal cortex, where atrophy in 
white matter tends to be more pronounced than atrophy in gray matter 43. Diffusion tensor 
imaging (DTI) is a magnetic resonance imaging (MRI) method used to quantify the 
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microstructural properties of biological tissue 44. This technique is based on diffusion-
weighted MRI, which sensitizes the magnetic resonance signal to the displacement of water 
molecules within biological tissues (see Chapter 3). The fractional anisotropy (FA) quantifies 
these changes and it is considered an indirect measure of white matter integrity. Reduced FA 
is indicative of degraded microstructural tissue integrity 45. Although age-related FA 
reductions can be found throughout the brain, they tend to be most pronounced within the 
prefrontal cortex 46,47. In addition, these reductions show a global anterior-to-posterior 
gradient as the FA reductions decreased gradually from anterior to posterior segments of 
longitudinal fiber tracts 48-51. The deterioration of white matter tract could contribute to the 
development of cognitive deficits. For example, Diary et al. found reduced frontal lobe FA to 
be associated with poorer performance on several measures of frontal functioning, including 
verbal fluency and working memory in older adults 52. In another study, Davis et al. found 
that prefrontal FA was correlated with older adults’ performance in executive functions 53.  
Overall, consistent with the several lines of evidence discussed above, one of the most 
influential ideas in cognitive neuroscience of aging is the frontal lobe hypothesis which 
postulates that cognitive deficits in older adults are primarily due to the anatomical and 
functional deterioration of the frontal lobes 54.  
 
1.3 Surface anatomy 
Dorso-lateral surface  
On the dorso-lateral surface, the frontal lobes are separated posteriorly from the parietal lobes 
by the deep central or Rolandic sulcus and inferiorly from the temporal lobes by the lateral or 
Sylvian fissure. Four distinct gyri separated by three sulci are visible on the dorsolateral 
surface. The gyrus running anteriorly and parallel to the central sulcus and posterior to the 
precentral sulcus is the precentral or ascending frontal gyrus. Anteriorly to the precentral 
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sulcus the frontal lobe is divided into the superior, middle and inferior frontal gyri by the 
superior and inferior frontal sulci. The inferior frontal gyrus lies beneath the inferior frontal 
sulcus and its posterior part is divided into three regions by the anterior ascending and 
anterior horizontal limbs of the lateral sulcus. The pars opercularis is behind the anterior 
ascending limb of the lateral sulcus. The pars triangularis is between the anterior ascending 
and anterior horizontal limb of the lateral sulcus. The pars orbitalis is beneath the anterior 
horizontal limb. The superior, middle, and inferior frontal gyri converge anteriorly to form 
the frontal pole, which is separated from the orbital gyri by the frontomarginal sulcus (Figure 
1).  
 
Figure 1.  3D reconstruction of the dorso-lateral surface of the left hemisphere. Interlobar sulci are in red, 
intralobar sulci in black 45.  
 
Medial surface 
On the medial surface the gyri and sulci are concentrically distributed around the mid-sagittal 
portion of the corpus callosum. The cingulate gyrus surrounds the corpus callosum, running 
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from the paraterminal gyrus anteriorly to the isthmus posteriorly. Around the cingulate 
cortex, the medial aspect of the superior frontal gyrus and frontal lobe occupy most of the 
medial frontal region. On the medial surface, at the level of the paracentral lobule, a vertical 
line extending from the central sulcus to the cingulate sulcus separates the frontal from the 
parietal lobe (Figure 2).  
 
Figure 2. 3D reconstruction of the medial surface of the left hemisphere. Interlobar sulci are in red, intralobar 




The frontal orbital gyri, the gyrus rectus and the olfactory gyrus form the ventral aspect of the 
frontal lobe. In the orbitofrontal region the orbital sulcus is often in the form of a ‘H’ or ‘X’, 
allowing a separation between anterior, posterior, medial and lateral orbital gyri. Medially, 
the olfactory sulcus separates the medial orbital gyrus from the gyrus rectus and the olfactory 
gyrus. The gyrus rectus is a longitudinal convolution that demarcates the border between the 
medial and ventral surface of the frontal lobe. The frontomarginal sulcus separates the orbital 
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gyri from the polar frontal region (Figure 3).  
 
 
Figure 3. 3D reconstruction of the ventral surface of the left and right hemisphere. Interlobar sulci are in red, 
intralobar sulci in black 45.  
 
 
1.4 Sectional anatomy 
In the course of the phylogenetic evolution, the frontal lobes undergo a striking expansion 
and most recently developed its largest structure. The layering pattern of the frontal cerebral 
cortex changes across the brain and according to this regional variation the frontal lobe can 
parcellated into ten distinct fields grouped in five main regions 45: 
1. Brodmann’s area 4 as primary motor cortex containing the neuronal bodies of the 
cortico-spinal projection fibres;  
2. Brodmann’s area 6 as premotor region with the lateral premotor cortex (PMC), medial 
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supplementary motor area (SMA) and pre-supplementary motor area (pre-SMA); 
3. Brodmann’s area 44 and 45 as Broca’s area; 
4. Brodmann’s area 8, 9, 10, 46 (dorsolateral) and Brodmann’s area 47 (ventrolateral) 
prefrontal cortex; 
5. Brodmann’s area 11 and 47 are the main divisions of the orbitofrontal cortex.  
 
Mesulam has suggested a division of the frontal areas into primary, unimodal, heteromodal 
and supramodal cortical areas according to cytoarchitectonic features (laminar organization, 
myelin content, granular layer IV, pyramidal cell size, cellular density, etc.) 33:  
1. motor-premotor sector including BA4 and 6, the supplementary motor area, the 
frontal eye fields, the supplementary eye fields and parts of Broca’s area; 
2. paralimbic sector containing the cortices of the anterior cingulate complex (BA23, 
32), the parolfactory gyrus (gyrus rectus, BA25) and the posterior orbitofrontal 
regions (BA11-13); 
3. heteromodal sector containing BA9-10, anterior BA11-12, and BA45-47. 
According to Mesulam, one may refer “prefrontal cortex or frontal lobe syndrome” only to 
the paralimbic and heteromodal sectors of the frontal lobe. The prefrontal cortex is the 
transmodal epicentre involved in higher order functions as working memory, executive 
function, attention, language and comportment.  
 
1.5 Connectional anatomy 
 Frontal regions have an extensive system of connections that permits communication 
among frontal lobe regions or between frontal regions and other regions of the parietal, 
occipital and temporal lobes. Frontal lobe connections that remain with the frontal lobe 
constitute the local connectivity whereas connections between frontal regions of the two 
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hemispheres or between frontal and distant non-frontal regions of the same hemisphere are 
part of the extended frontal network. This extended frontal network includes association, 
projection and commissural tracts.  
 
Local frontal lobe networks  
The local connectivity is composed by three groups of connections strictly confined within 
the frontal lobe: intracortical fibres, U-shaped fibres, and intralobar fibres. The intracortical 
fibres are short connections with an average length below 1 mm running within the frontal 
cortex having either inhibitory or excitatory functions. They are organized in horizontal and 
vertical stains and most of them are unmyelinated or poorly myelinated 55. The U-shaped 
fibres are longer, usually between 2 and 5 cm of length, discrete myelinated bundles 
connecting regions with different but integrated functions. As they leave the deepest cortical 
layers of the frontal cortex, these U-shaped bundles keep a perpendicular direction to the 
main sulci of the frontal lobe terminating in layers I, II and III of the target region 56.  
Several major frontal U-shaped connections have been described: 
• U-shaped bundles running beneath the central sulcus connecting the primary motor 
cortex in the precentral gyrus to the primary somatosensory cortex in the post-central 
gyrus having a close correspondence with the homuncular representation. This pattern 
is larger in the hand region compared to the mouth and tongue region, and this could 
suggest that they may play a key role in their precision grasping and articulatory 
movements 56.  
• U-shaped fibres connecting the motor cortex in the precentral gyrus to premotor 
regions of the superior, middle and inferior frontal gyri. This pattern connects areas 
involved in motor planning and execution 56,57.  
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• U-shaped fibres of the region anterior to the precentral sulcus. One pattern connects 
Broca’s region in the inferior frontal gyrus and the frontal eye field in the superior 
frontal gyrus to the middle frontal gyrus. Another set of U-shaped longitudinal fibres 
connect cortex in the superior and inferior frontal gyri to the cortex in the middle 
frontal gyrus 58,59.  
• U-shaped fibres of the frontal pole connecting medial to lateral polar regions of area 
10, which is involved episodic memory retrieval, monitor self-generated choices, 
allocating attention between simultaneous tasks and prospectively coding and 
deferring goals in multitasking 60-62.  
• U-shaped fibres organized around the peri-insular sulcus connecting the inferior 
frontal cortex to the anterior insula of Reil. This system of insular connections to 
frontal regions may play a key role in integrating visceral and sensory information 
with limbic emotional inputs 45,63,64.  
 
The intralobar frontal fibres are the longest associative tracts connecting distant specialized 
regions of the frontal lobes that cooperate to generate complex behaviour. The major 
intralobar tracts of the frontal lobe include the frontal aslant tract, the frontal orbito-polar 
tract and the frontal superior and frontal inferior longitudinal tracts. The frontal aslant tract 
(FAT) connects the posterior Broca’s territory with medial frontal areas, including pre-
supplementary motor area and cingulate cortex, which are involved in speech initiation and 
spontaneous verbal fluency 56,65,66. This suggests a role of the frontal aslant tract in language 
as documented in patients with primary progressive aphasia 67. The frontal orbito-polar 
(FOP) tract connects the posterior orbitofrontal cortex involved in integration of emotions 
and memories associated with olfactory and gustatory experiences and the anterior 
orbitofrontal and polar regions, which convey direct auditory and visual inputs. It is possible 
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that this network assembles memories and emotions associated with specific sensory inputs 
63,68.  
Finally, the frontal superior longitudinal (FSL) and frontal inferior longitudinal (FIL) tracts 
are two systems of fibres that connect motor, premotor and prefrontal regions and their 
function is to integrate the functions of all local frontal networks 56.  
 
Extended frontal networks 
The frontal lobe extended network is composed by association, projection and commissural 
tracts with the aim to connect frontal regions to distant regions of the same hemisphere and 
to frontal regions in the contralateral hemisphere 69.  
 
Association tracts 
The long association tracts connect the frontal lobe to other lobes within the same 
hemisphere. Five major association tracts have been described in the frontal lobe: the arcuate 
fasciculus, the superior longitudinal fasciculus, the cingulum, the inferior fronto-occipital 
fasciculus and the uncinate fasciculus.  
The arcuate fasciculus is a dorsal association tract connecting perisylvian regions of the 
frontal, parietal and temporal lobe (Figure 4). The arcuate fasciculus is composed by three 
segments with one direct pathway or long segment connecting Wernicke’s region in the 
temporal region with Broca’s region in the frontal lobe and one indirect pathway consisting 
of an anterior segment that link Broca’s to Geschwind’s region in the parietal lobe and a 
posterior segment between Geschwind’s and Wernicke’s region70. The distribution of the 
arcuate fasciculus between Broca’s and Wernicke’s regions suggest its role in word learning 
and its absence in monkey brains may explain evolutionary differences between species. 
Monkey have, in fact, very poor auditory memory while humans have an exceptional ability 
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to learn a rich vocabulary in adult life 71. Tractography studies have revealed an extreme 
degree of leftward lateralization of the long segment of the arcuate fasciculus in 
approximately 60% of the normal population 72.  
 
Figure 4. 3D reconstruction of the arcuate fasciculus 70.  
 
 
The superior longitudinal fasciculus (SLF) has been defined as a group of three longitudinal 
separate branches connecting the dorsolateral frontal and parietal regions. The first branch of 
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the superior longitudinal fasciculus (SLF I) projects to the parietal precuneus and the 
supplementary motor area at the medial and superior surface of the superior frontal gyrus 45. 
The SLF I is involved in processing of the spatial coordinates of trunk and inferior limbs, 
preparatory stages of movement planning, in oculomotor coordination, visual reaching, and 
voluntary orientation of attention 73-77. The second component of the superior longitudinal 
fasciculus (SLF II) projects to the posterior region of the inferior parietal lobule (including 
the intraparietal sulcus) and the lateral aspect of the superior (i.e. frontal eye field) and 
middle frontal gyri. The main role of SLF II is processing the spatial coordinates of the upper 
limbs, including the hand for reaching and grasping movements and in attention, visuospatial 
and spatial working memory tasks 78-80. Finally, the third branch is the SLF III which projects 
to the inferior parietal lobule (supramarginal and anterior angular gyrus) and the posterior 
region of the inferior frontal gyrus.  
The uncinate fasciculus is a ventral tract that connects the anterior temporal lobe with the 
medial and lateral orbitofrontal cortex (Figure 5).  This fasciculus is involved in naming and 
face processing and it is damaged in those patients with the semantic variant of primary 
progressive aphasia 67,80. Moreover, damage to this tract has been correlated with behavioural 
abnormalities in psychopaths as well as frontotemporal dementia and traumatic brain injury 
81-83.  
 




Figure 5. 3D reconstruction of the uncinate fasciculus 45.  
 
The cingulum is a medial tract that runs within the cingulate gyrus around the corpus 
callosum (Figure 6). It contains fibres of different length, the longest of which run from the 
anterior temporal lobe to the orbitofrontal cortex. The short U-shaped fibres connect the 
medial regions of the frontal (subgenual cortex, medial frontal gyrus), parietal (precuneus), 
occipital (cuneus, lingual, and fusiform gyri) and temporal lobes (i.e. parahippocampal gyrus, 
amydgala, etc.). As part of the limbic system it is involved in attention, memory and emotion 
84,85.  
 




Figure 6. 3D reconstruction of the cingulum 45.  
 
The inferior fronto-occipital fasciculus is a ventral tract with long and short fibres connecting 
the occipital and frontal cortex in the human brain. The functions of the inferior fronto-
occipital fasciculus in mental rotation, space-directed attention, reading, and semantic 
processing remains to be clarified. 
 
Projection tracts.  
The projection pathways connecting the frontal cortex to subcortical structures and can be 
divided into ascending and descending pathways. The ascending projections are the 
ascending thalamic pathways carrying modulatory information from the basal ganglia and 
cerebellum to all areas of the frontal lobes. The three principal descending cortico-subcortical 
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projection systems are the corticospinal, corticobulbar tracts and the fronto-striatal 
projections to the caudate, globus pallidus and medial putamen. This complex projection 
system contributes to motor, cognitive, affective and behavioural functions. 
 
Commissural pathways.  
The commissural pathway connects frontal regions to their contralateral counterparts. The 
two major commissural tracts of the cerebral hemispheres are the corpus callosum and the 
anterior commissure. The corpus callosum, divided into an anterior portion (genu), a central 
part (body) and a posterior portion (splenium), is the largest tract of the human brain. Its 
function is to allow transferring input from one hemisphere to the other and it is involved in 
several motor, perceptual and cognitive functions. The anterior commissure connects 
bilaterally the anterior and ventral temporal lobes of the two hemispheres and the olfactory 
bulbs. 
 
1.6 Frontal lobe functional subdivisions and frontal lobe syndromes 
The frontal lobes have been subdivided into precentral, premotor and prefrontal regions 
according to combined anatomical and functional criteria. 
The precentral area corresponds to the primary motor cortex (BA 4), which is located in the 
posterior part of the precentral gyrus. It contains somatotopically organized neuron bodies 
giving origin to almost 50% of the fibres of the cortico-spinal tract. The primary motor cortex 
is the only idiotypic cortex in the frontal lobe. Giant pyramidal neurons (Betz cells) in layer 
V, which project to the spinal cord, are a prominent feature. A well-developed inner granular 
layer (IV) characteristic of primary sensory idiotypic (koniocortical) areas is absent in BA 4, 
leading to its designation as agranular cortex. Lesions to the primary motor cortex and its 
connections manifest with moderate (hemiparesis) or severe (hemiplegia) contralateral motor 
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deficits of the limbs or face.  
The premotor area, the supplementary motor area and the pre-supplementary motor area are 
responsible for the integrated and preparatory arousal to action and action generation. 
Depending on the exact location of the lesion, damage to these regions of the frontal lobe 
results in movement uncoordination, ideomotor apraxia and impaired organization of motor 
behaviour, especially if damage is in the premotor area. Conversely, symptoms like akinetic 
mutism, apraxia of the speech, agraphia and initiation and programming deficits are more 
often associated with damage to the supplementary and presupplementary motor areas.  
Close to the premotor division, there is the left frontal operculum as Brodmann area 44 and 
45 or Broca’s area. According to Luria, here “the final common path for the generation of 
speech impulses” is placed. As a consequence, lesions to this area result in a breakdown in 
speech production and defective symbol formulation as Broca’s aphasia. In keeping with 
Broca’s area, lesions to Broca’s area homologous in the right hemisphere are associated with 
aprosodic speech, characterized by flat intonation.  
The prefrontal cortex is placed in front of the premotor cortex and it is generally considered 
as convergence zone between information about the external environment from the posterior 
cortex and information about internal states from the limbic systems. The prefrontal portion 
of the frontal lobes can be further subdivided in the ventromedial prefrontal cortex (vmPFC), 
dorsolateral prefrontal cortex (dlPFC) and superior medial prefrontal cortex.  
The ventromedial prefrontal cortex (vmPFC) includes the medial part of the orbital region 
and lower part of the medial prefrontal cortex. This area plays a key role in impulse control 
and in regulation and maintenance of set during ongoing behaviour. The principal 
behavioural product of vmPFC dysfunction is impulsivity, disinhibition, aggressivity, sexual 
promiscuity and problems with social conduct. Cognitive impairment is manifested by 
defects in planning, judgment and decision making.  
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The dorsolateral prefrontal cortex (dlPFC) encompasses Brodmann areas 8, 9, 46 and 10. 
Most of its major functions are seen as part of the executive functions such as organizing a 
volitional response to environmental contingencies, recalling past events and planning current 
actions in a temporally informed manner, programming motor acts to follow volitional 
command, implementing programs to achieve the intended goal, monitoring the results of the 
action to determine the success of the intervention, and adjusting or stopping the action 
depending on the outcome of the assessment. Patients with frontal frontal lobe disorders 
many manifest a diverse array of clinical phenomena with only a minority showing 
abnormalities in all executive function domains depending on the extension of the lesion, the 
nature of the lesion and the premorbid level of intellectual functioning.  
The superior medial prefrontal cortex (mPFC) comprises the medial wall of the hemispheres 
above the vmPFC sector including the anterior cingulate cortex. This region is linked to and 
shared many functions with the anterior cingulate cortex, which plays a role in motivated 
behaviour. Damage to these regions often manifest with amotivational apathetic syndromes. 
Furthermore, the following apathetic syndrome could have different components: motoric 
with lower motor drive, cognitive with diminished interest in learning, affective as lack of 
external emotional expression, and motivational as poor interest in initiating and maintaining 
social and vocational activities.  
 
1.7 The present thesis 
The aim of my thesis is to investigate the anatomy of the frontal networks underlying 
cognitive and behavioural functions. For this purpose, three different sample of patients with 
frontal lobe pathology were used:   
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1. A dataset of patients with Motor Neuron Disease (MND) and healthy controls was 
used to understand the effects of a degenerative process affecting extra motor regions 
of the frontal lobe in cognition and behaviour;  
2. a dataset of patients with Primary Progressive Aphasia (PPA) and healthy controls 
was analyzed to investigate the role of the ventral fronto-temporal network in 
behaviour;  
3.   a dataset of patients with Autism Spectrum Disorders (ASD) and healthy controls was 
used to assess the anatomy of prefrontal lobe areas and pathways involved in 





Chapter 2 Disorders of the Frontal lobe 
The frontal cortex represents 30% of the entire cortical surface. There are many neurological 
and psychiatric disorders that affect the frontal lobe either directly or through a disconnection 
mechanism. This chapter will cover the most common neurological conditions affecting the 
frontal lobe with the aim to explore the link between structure abnormalities, altered function 
and clinical symptoms.  
The first part of this chapter will be dedicated to the Fronto-Temporal lobar degeneration and 
its main syndromes: primary progressive aphasia and behavioural variant subtypes. Fronto-
Temporal lobar degeneration is an example of a disease in which more anterior frontal cortex 
is affected and therefore it has been used as a model for investigating non-motor frontal 
function. Then a paragraph will be dedicated to the Motor Neuron Disease which manifests 
with motor weakness associated with specific degeneration of the primary motor cortex and 
surrounding areas. This chapter terminates with a paragraph on the Autism Spectrum 
Disorder which is a neurodevelopmental condition whose core symptoms are represented by 
deficits in language and social communication, impaired social interactions and repetitive 
behaviour. Both neuropathological and neuroimaging studies indicate frontal lobe 













2.1 Frontotemporal Lobar Degeneration (FTLD) 
Frontotemporal Lobar Degeneration (FTLD) is a degenerative disorder of insidious onset and 
slow progression, accounting for approximately 20% of all dementias. Frontotemporal Lobar 
Degeneration typically involves the frontal and temporal lobes with relative sparing of the 
posterior brain. Here the primary progressive aphasia and behavioural variant subtypes will 
be described.  
 
2.1.1 Primary progressive aphasia 
Introduction 
Primary Progressive Aphasia (PPA) is characterized by a gradual breakdown of language 
functions for at least two years since the onset of symptoms with relatively sparing of other 
cognitive domains 86.  
In the 1890s, Pick 12 13 and Serieux 87 first described a progressive disorder of language 
associated with atrophy of the frontal and temporal regions of the left hemisphere and even 
introduced the concept of a degenerative disease beginning focally: “Simple progressive 
brain atrophy can lead to symptoms of local disturbance through local accentuation of the 
diffuse process”. 
In the modern literature, Mesulam was the first to describe a series of cases with “slowly 
progressive aphasia,” thereafter reported under the label of “primary progressive aphasia” 
(PPA)88. In the original cases reported by Mesulam, the aphasia was predominantly 
nonfluent, resembling Broca’s aphasia, with halting speech and reduced naming, but 
preserved comprehension. In the early 1990s, Hodges and colleagues provided a 
comprehensive characterization of semantic dementia 89. For about two decades, cases of 
PPA were generally categorized as semantic dementia or progressive nonfluent aphasia, or in 
some studies as “fluent” vs “non fluent.” 




Diagnosis and classification of Primary Progressive Aphasia 
Establishing a clinical diagnosis of PPA involves a 2-step process. Firstly, patients should 
have developed a gradual isolated language impairment of neurodegenerative nature as stated 
in the basic PPA inclusion and exclusion criteria which are based on Mesulam’s initial 
observations and current guidelines. According to these inclusion criteria the most prominent 
clinical features are difficulties with language, which cause impairment in the activities in the 
daily living for at least 2 years since the onset of the disease (Table 1) 86.  
 
Table 1. Inclusion and exclusion criteria for the diagnosis of PPA 86.  
 
 
Once a PPA diagnosis is established, the patient is classified according to the three main 
variants described in the 2011 guidelines 90:  
(i) agrammatic variant PPA (PPA-G) 
(ii) logopenic variant PPA (PPA-L) 
(iii)  semantic variant PPA (PPA-S) 
 
A brief clinical evaluation with 20-minute bedside language examination is considered 
sufficient to assess the language domains as speech production, repetition, single word and 
syntax comprehension, confrontation naming, semantic knowledge and reading.   
Inclusion criteria 1-3 must be answered positively 
for PPA diagnosis 
Exclusion criteria 1-4 must be answered negatively 
for PPA diagnosis 
1. Most prominent clinical features is difficulty with 
language 
1. Pattern of deficit is better accounted for by other 
nondegenerative nervous system or medical disorders 
2. These deficits are the principal cause of impaired 
daily living activities 
2. Cognitive disturbances is better accounted for by a 
psychiatric diagnosis 
3. Aphasia should the most prominent deficits at 
symptoms onset and for the initial phases of the 
disease 
3. Prominent initial episodic memory, visual memory 
and visuoperceptual impairments 
 4. Prominent, initial behavioural disturbance 




Clinical criteria for each variant are reported in Tables 2,3,4.  
 
The agrammatic variant  
The PPA-G is defined as an expressive language disorder with non fluent spontaneous 
speech, disrupted sentence production, abnormal word order and phonemic paraphasias. 
Patients use effortful and broken speech with fewer number of words and phrases. However, 
they can have successful communicate intent. In PPA-G comprehension for simple sentences 
and single words is relatively preserved but not for non-canonical and grammatically 
complex sentences as grammar structure encoding and decoding are both affected 91,92. As the 
disease advances, patients with PPA-G becomes gradually less fluent with progressive 
decline in naming, comprehension and repetition. Ultimately patients become mute. The 
anatomical correlate of these findings is the peak atrophy within the dominant left inferior 
frontal gyrus in the Broca’s area. Atrophy in patients with PPA-G can also extend into the 
medial and dorsolateral premotor cortex and anterior insula, brain regions that participate in 
speech initiation, motor planning and syntax processing 93. Based on the literature as for the 
other variants, there is no clinical pattern that is pathognomonic of a specific type of 
neuropathology. The agrammatic form mainly shows various forms of FTLD-tau pathology 



















Table 2. Diagnostic features for the agrammatic variant of PPA 90. 
 
The logopenic variant 
PPA-L is the most recently described variant of PPA. Word retrieval (in spontaneous speech 
and confrontation naming) and sentence repetition deficits are the core features of the this 
variant 91. Spontaneous speech is characterized by slow rate, with frequent pauses due to 
significant word-finding problems. Lack of frank agrammatic errors and preservation of 
articulation and prosody help distinguish the logopenic from the nonfluent variant 94. The 
pattern of atrophy involves the left posterior superior temporal, inferior parietal, medial 
temporal, and posterior cingulate regions; more severe cases have also left frontal and right 
hemisphere atrophy 91 95. The most common pathology in PPA-L is represented by the 
 
1. Clinical diagnosis of agrammatic variant PPA 
 
At least one of the following core features must be 
present: 
1. Agrammatism in language production 
2. Effortful, halting speech with inconsistent speech sound errors and distortions (apraxia of speech) 
 
At least 2 of 3 of the following other features must be 
present: 
1. Impaired comprehension of syntactically complex 
sentences 
2. Spared single-word comprehension 
3. Spared object knowledge 
 
 
2. Imaging-supported nonfluent/agrammatic variant diagnosis 
 
Both of the following criteria must be present: 
1. Clinical diagnosis of nonfluent/agrammatic variant PPA 
2. Imaging must show one or more of the following 
results: 
a. Predominant left posterior fronto-insular atrophy 
on MRI or 
b. Predominant left posterior fronto-insular hypoperfusion or hypometabolism on SPECT or PET 
 
3. Nonfluent/agrammatic variant PPA with definite pathology 
 
 
Clinical diagnosis (criterion 1 below) and either criterion 2 or 3 must be present: 
1. Clinical diagnosis of nonfluent/agrammatic variant PPA 
2. Histopathologic evidence of a specific neurodegenerative pathology (e.g., FTLD-tau, FTLDTDP, AD, 
other) 
3. Presence of a known pathogenic mutation 




Alzheimer disease (AD) pathology with atypical regional distribution. PPA patients with AD 
pathology display hemispheric asymmetry with neuronal loss and disease-specific 
proteinopathy in the language dominant hemisphere. In addition, neurodegeneration is most 
extensive in the neocortex 90 (Table 3).  
 
Table 3. Diagnostic features for the logopenic variant of PPA 90.  
 
The semantic variant  
The main features of PPA-S are represented by an impairment in word meaning and object 
identity on a background of preserved grammatical structure and fluency. In PPA-S patients 
the language output is grammatically correct but at the same time is empty because of loss of 
knowledge surrounding the words and their meanings 90. This variant is considered not 
 
1. Clinical diagnosis of logopenic variant PPA 
Both of the following core features must be present:    
1. Impaired single-word retrieval in spontaneous speech and naming 
2. Impaired repetition of sentences and phrases 
At least 3 of the following other features must be present: 
1. Speech (phonologic) errors in spontaneous speech 
and naming 
2. Spared single-word comprehension and object 
knowledge 
3. Spared motor speech 
4. Absence of frank agrammatism 
 
2. Imaging-supported logopenic variant diagnosis 
 
Both criteria must be present: 
1. Clinical diagnosis of logopenic variant PPA 
2. Imaging must show at least one of the following 
results: 
a. Predominant left posterior perisylvian or parietal 
atrophy on MRI 
b. Predominant left posterior perisylvian or parietal hypoperfusion or hypometabolism on SPECT or PET 
 
3. Logopenic variant PPA with definite pathology 
 
 
Clinical diagnosis (criterion 1 below) and either criterion 2 or 3 must be present: 
1. Clinical diagnosis of logopenic variant PPA 
2. Histopathologic evidence of a specific neurodegenerative pathology (e.g. AD, FTLD-tau, FTLD-TDP, 
other) 
3. Presence of a known pathogenic mutation 




simply a language deficit but represents a fundamental loss of semantic memory and 
knowledge: long-memories that contain knowledge about items in the world, as well as an 
understanding of their relationship.  
 
Figure 7. 63-year old man with Semantic Dementia. MRI showed striking temporal lobe volume loss with 
relatively well-preserved frontal gyri 108.  
 
As the knowledge surrounding a word is lost, patients with semantic dementia use general 
rather than precise terms to describe objects, facts, people, or faces 96,97. Anatomically, the 
semantic variant has been associated with atrophy in the ventral and lateral portions of the 




anterior temporal lobes bilaterally, although damage is usually greater on the left 98 95(Figure 
7). The most common pathological feature of PPA-S is the FTLD-TDP type 90(Table 4).  
 
Table 4. Diagnostic features for the semantic variant of PPA 90.  
 
2.1.2 Frontotemporal dementia behavioural variant 
Introduction 
The behavioural variant of the frontotemporal dementia (bvFTD) is a clinical syndrome 
characterized by a profound change in social behaviour and personality that can occur several 
years before the diagnosis 99. The syndrome derives from the extensive degeneration in the 
dorsolateral, orbital and medial frontal cortex associated with different pathologies 100. In 
view of the absence of definitive biomarkers, the diagnosis of behavioural variant of the 
frontotemporal dementia is challenging as patients are often misdiagnosed with psychiatric 
 
1. Clinical diagnosis of semantic variant PPA 
Both of the following core features must be present: 
1. Impaired confrontation naming 
2. Impaired single-word comprehension 
At least 3 of the following other diagnostic features must 
be present: 
1. Impaired object knowledge, particularly for low frequency or low-familiarity items 
2. Surface dyslexia or dysgraphia 
3. Spared repetition 
4. Spared speech production (grammar and motor speech) 
 
2. Imaging-supported semantic variant diagnosis 
 
Both of the following criteria must be present: 
1. Clinical diagnosis of semantic variant PPA 
2. Imaging must show one or more of the following results: 
a. Predominant anterior temporal lobe atrophy 
b. Predominant anterior temporal hypoperfusion or hypometabolism on SPECT or PET 
 
3. Semantic variant PPA with definite pathology 
 
Clinical diagnosis (criterion 1 below) and either criterion 2 or 3 must be present: 
1. Clinical diagnosis of semantic variant PPA 
2. Histopathologic evidence of a specific neurodegenerative pathology (e.g., FTLD-tau, FTLDTDP, AD, 
other) 
3. Presence of a known pathogenic mutation 
 




disorders or Alzheimer’s disease. In 1998 the publication of consensus criteria by Neary and 
colleagues represented a major step forward in the field and these remain the most widely 
used criteria in research and clinical practice 101(Table 5).  
 
Diagnosis and classification of behavioural variant of frontotemporal dementia 
According to Neary criteria the core features of behavioural variant of frontotemporal 
dementia are early decline in social and personal conduct, emotional blunting and loss of 
insight 101. At the beginning patients develop personality changes, such as jocularity, social 
disinhibition, poor judgment, irritability or affective flattening that made patients with 
behavioural variant of frontotemporal dementia easily confused with those with Alzheimer’s 
disease. Nevertheless, their relatively intact cognition often helps to differentiate them from 
patients affected by other dementias. As the disease progresses they are likely to show 
perseveration, confabulations, concrete thinking and poor organization compared with 
behavioural variant of frontotemporal dementia. One of the first manifestation of behavioural 
variant of frontotemporal dementia is indeed a progressive loss of executive functions, which 
is often mistaken as age-related cognitive decline. This may lead to impaired planning, 
problem solving, abstracting and multitasking. As a consequence, these patients would 
perform very poorly at work and would be more prone to work at progressively simpler 
occupations and then get fired. Loss of decision making with consequently remarkable 
financial loss would be also a common presentation.  
The degeneration associated with behavioural variant of frontotemporal dementia affects the 
insular cortex and the anterior temporal lobe 102. The behaviour variant is usually associated 
with tau-negative pathology 103 104. As the disease progresses patients may show progressive 
apathy, blunted affect. In the later stage patients may develop language and motor 
impairment 105 106.  






Table 5.  The core criteria for behavioural variant of frontotemporal dementia according to Neary criteria.  
1.  Core diagnostic features 
A. Insidious onset and gradual progression 
B. Early decline in social interpersonal conduct 
C. Early impairment in regulation of personal conduct 
D. Early emotional blunting 
E. Early loss of insight 
 
2. Supportive diagnostic features 
A. Behavioural disorder 
1. Decline in personal hygiene and grooming 
2. Mental rigidity and inflexibility 
3. Distractibility and impersistence 
4. Hyperorality and dietary changes 
5. Perseverative and stereotyped behaviour 
6. Utilization behaviour 
 
B. Speech and language 
1. Altered speech output 
a. Aspontaneity and economy of speech 
b. Press of speech 





C. Physical signs 
1. Primitive reflexes 
2. Incontinence 
3. Akinesia, rigidity, and tremor 
4. Low and labile blood pressure 
D. Investigations 
1. Neuropsychology: significant impairment on frontal lobe tests in the absence of severe amnesia, aphasia, 
or perceptuospatial disorder 
2. Electroencephalography: normal on conventional EEG despite clinically evident dementia 
3. Brain imaging (structural and/or functional): predominant frontal and/or anterior temporal abnormality 
 
 
2.2 Motor Neuron Disease 
Introduction 
At the end of the 19th century Jean-Martin Charcot (1825-1893) described for the first time a 
neurodegenerative disease characterized by spasticity, bulbar and motor impairment that he 
named Amyotrophic Lateral Sclerosis (ALS)107. Charcot in collaboration with Joffroy 
investigated the correlations between the clinical and the neuropathological aspects of the 
disease 108. In 1881 at the New Sydenham Society in London, Charcot provided his most 




famous comprehensive description of disease progression from the onset to the final stages. 
Charcot’s first stage was characterized by upper limbs paresis, muscle atrophy and 
contractions. In the second step both upper and lower limbs are weak and the patient is no 
longer able to walk or to stand. Finally, the third stage has a typical bulbar involvement. This 
initial description made by Charcot has been recently replaced by a more modern disease 
staging system proposed by Roche et al. 109(Table 6). The new staging of the disease has the 
advantage that is based on simply clinical milestones, which tend to occur at predictable 
times within the natural disease progression of ALS.  Moreover, this staging can be used to 
easily assess patient’s needs of health care diagnostic services, intervention, end of life 
palliation and care.   
Nowadays it is well recognized that ALS is the most common subtype of Motor Neuron 
Diseases (MNDs). This is a general umbrella term widely adopted in United Kingdom, under 
which different forms are classified according to whether they are inherited or sporadic, and 
to whether degeneration affects upper motor neurons, lower motor neurons, or both.  For 
example, while ALS affects both upper and lower motor neurons primary lateral sclerosis is a 
disease of the upper motor neurons with progressive muscular atrophy affecting only lower 
motor neurons in the spinal cord.  In progressive bulbar palsy, the lowest motor neurons of 
the brain stem are most affected, causing slurred speech and difficulty chewing and 
swallowing.   
In this thesis ALS is considered synonymous with Motor Neuron Disease (MND) and the 









Table 6. ALS staging system proposed by Roche et al. 109.  
Stage Symptoms 
Stage 1 Symptom onset with involvement of the 
first region 
Stage 2A Diagnosis 
Stage 2B Involvement of a second region 
Stage 3 Involvement of a third region 
Stage 4A Need for gastrostomy 




Diagnosis and classification of Motor Neuron Disease 
MND is a neurodegenerative disorder compromising the motor neurons and with progressive 
muscle weakness. Symptoms are usually noticed first in the arms and hands, legs, or 
swallowing muscles.  Approximately 75% of people with classic MND will develop 
weakness and wasting of the bulbar muscles (muscles that control speech, swallowing, and 
chewing) 110-112. Muscle weakness and atrophy occur on both sides of the body.  Affected 
individuals lose strength and the ability to move their arms and legs, and to hold the body 
upright.  Other symptoms include spasticity, spasms, muscle cramps, and 
fasciculations.  Speech can become slurred or nasal.  When muscles of the diaphragm and 
chest wall fail to function properly, individuals lose the ability to breathe without mechanical 
support.  Although the disease does not usually impair a person's mind or personality, several 
recent studies suggest that some people with MND may develop cognitive problems 
involving word fluency, decision-making, and memory 113. The MRI findings may include in 
a small percentage hyperintensity on the corticospinal tract on the T2-weighted and FLAIR 
sequences. The hyperintensity can occur anywhere from the subcortical white matter to the 
cerebral peduncles and pons. Changes are usually most prominent in the posterior limbs of 
the internal capsules and cerebral peduncles. As the corticospinal tract is normally slightly 




hyperintense, this finding lacks both sensitivity and specificity as an imaging ‘biomarker’ for 
MND 114(Figure 8).  
 
 
Figure 8. Axial T2 scans in a patient with MND showing striking bilateral corticospinal tract hyperintensity 114. 
 
Most individuals with MND die from respiratory failure, usually within 3 to 5 years from the 
onset of symptoms.  However, about 10 percent of affected individuals survive for 10 years 
or more 112.  
The clinical diagnosis is often a complex and difficult process due to the lack of a specific 
diagnostic test and the high variability in the clinical presentation. The diagnostic El Escorial 




revisited criteria for the diagnosis of MND are the result of a three-day workshop in 
Warrenton, Virginia in 1998 by the World Federation of Neurology Research Committee on 
Motor Neuron Diseases. These represent a consensus document accepted by MND 
researchers, clinicians and relevant scientific bodies 115.  
 
On the basis of the El Escorial revisited criteria the diagnosis of MND requires: 
A. the presence of: 
a. evidence of lower motor neuron (LMN) degeneration by clinical, 
electrophysiological or neuropathologic examination, 
b. evidence of upper motor neuron (UMN) degeneration by clinical examination, 
and 
c. progressive spread of symptoms or signs within a region or to other regions, as 
determined by history or examination, 
together with: 
B. the absence of  
a. electrophysiological or pathological evidence of other disease processes that 
might explain the signs of LMN and/or UMN degeneration, and 
b. neuroimaging evidence of other disease processes that might explain the 
observed clinical and electrophysiological signs. 
 
In the absence of pathological confirmation, these criteria allow to classify the clinical 
diagnosis of MND into various levels of certainty on the basis of the presence of UMN and 
LMN signs together in the same topographical anatomic region in either the brainstem, or the 
cervical, thoracic or lumbosacral spinal cord.  




• Clinically definite MND: presence of UMN as well as LMN signs in the bulbar region 
and at least two spinal regions or the presence of UMN and LMN signs in three spinal 
regions; 
• Clinically probable MND: presence of UMN and LMN signs in ate least two regions 
with some UMN signs necessarily rostral to the LMN signs; 
• Clinically probable MND- laboratory supported: presence of UMN and LMN 
dysfunction in only one region or when UMN signs alone are present in one region, 
and LMN signs defined by EMG criteria are present in at least two regions with 
proper application of neuroimaging and clinical laboratory protocols to exclude other 
causes; 
• Clinically possible MND: UMN and LMN dysfunction are found together in only one 
region or UMN signs are found alone in two or more regions; or LMN signs are found 
rostral to UMN signs and the diagnosis of Clinically probable MND- laboratory 
supported cannot be proven by evidence. 
 
In the majority of MND brains no macroscopic abnormalities are observed. The spinal cord 
often reveals atrophy of the anterior nerve roots and some cases can exhibit atrophy of the 
precentral gyrus 116,117. Microscopic changes include neuronal and axon loss. Cell loss is 
accompanied by gliosis, and some of the surviving motor neurons contain ubiquitinated 
cytoplasmatic inclusions of a variety of morphological types, including spherical Lewy body-
like inclusions and skeins of thread-like structures 118-120. Bunina bodies, which are bead-like 
eosinophilic cytoplasmic inclusions, may also be present and are very specific for classical 
MND. Ubiquitin-positive inclusions are negative for proteins commonly associated with 
neurodegenerative inclusions, such as tau and alpha-synuclein. 121,122. TDP-43 was identified 
as the main component of ubiquitinated inclusions in MND and in FTD. TDP-43 is a 




heterogeneous nuclear ribonucleoprotein that is expressed in the nuclei of neurons and glial 
cells under normal conditions. In sporadic and most familiar MND as well as FTD there is 
loss of nuclear TDP-43 and formation of pathological aggregates in the cytoplasm. However, 
TDP-43 inclusions are not pathognomonic for MND or FTD since the inclusions are also 
observed in Alzheimer’s disease, Lewy body diseases, Guamanian Parkinsonism dementia 
























2.3 Autism Spectrum Disorder 
Introduction 
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that affects 1 in every 
100 people in the UK 126. ASD is characterized by a persistent, significant impairment in 
social interaction and communication as well as restrictive, repetitive behaviours and 
activities.
 
Social communication and social interaction features include deficits in social-
emotional reciprocity (e.g., deficits in joint attention, atypical social approach and response, 
conversational challenges, reduced sharing of interest, emotions, and affect), deficits in 
nonverbal communication (e.g., atypical eye contact, reduced gesture use, limited use of 
facial expressions in social interactions, challenges understanding nonverbal 
communication), and deficits in forming and maintaining relationships (e.g., diminished peer 
interest, challenges joining in play, difficulties adjusting behaviour to social context). ASD 
features of restricted, repetitive patterns of behaviour, interests, or activities may include 
stereotyped motor mannerisms, use of objects, or speech (e.g., simple motor stereotypies, 
repetitive play, echolalia, and formal or idiosyncratic speech); insistence on sameness, 
inflexible adherence to routines, or ritualized patterns of behaviour (e.g., distress at small 
changes, rigid patterns of thought and behaviour, performance of everyday activities in 
ritualistic manner); intense preoccupation with specific interests (e.g., strong attachment to 
objects, circumscribed or perseverative topics of interest); and sensory sensitivities or 
interests (e.g., hyper- or hypo- reactivity to pain and sensory input, sensitivity to noise, visual 
fascination with objects or movement). 126,127.  
These symptoms cause impairment across many areas of functioning and are present early in 
life. However, impairments may not be fully evident until environmental demands exceed the 
individual capacity to compensate for the deficits. They also may be masked by learned 
compensatory strategies later in life. Many patients with ASD also have intellectual 




impairment or language impairment 128 and the disorder has been associated with known 
medical, genetic, or environmental factors 129.  
ASD has a strong genetic component, with heritability estimated to be between 40 and 90 
percent.
 
Autism is commonly associated with many neurogenetic disorders, such as Down’s 
syndrome, tuberous sclerosis, neurofibromatosis and fragile X syndrome. A range of genes is 
implicated in susceptibility to ASD;
 
however, environmental exposures and context also play 
a role in ASD development and neurogenetic expression.
 
Current research suggests that 
certain metabolic and other maternal conditions (such as diabetes, hypertension, obesity, and 
influenza infection) during pregnancy may be associated with increased risk of ASD in 





and exposure to mercury and other heavy 
metals,
 
among other potential risk factors 127,130.  
 
Clinical diagnosis 
In the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) 
disorders considered as part of the autism spectrum were divided into discrete categories 
including: Autistic Disorder, Asperger’s Disorder, and Pervasive Developmental Disorder, 
Not Otherwise Specified (PDD-NOS). 
 
The DSM-5, published in May 2003, combined the 
previous categorical disorders into a single category of “Autism Spectrum Disorder,” with 
varying degrees of severity depending on the amount of support required by an individual. 
Because no medical or biological marker exists for ASD, the diagnosis is based on clinical 
observations and interview with the parents. Diagnosis is established with a combination of 




Diagnostic criteria for ASD according to DSM-5. 




A. Persistent deficits in social communication and social interaction across multiple 
contexts, as manifested by the following, currently or by history: 
a. Deficits in social-emotional reciprocity, ranging, for example, from abnormal 
social approach and failure of normal back-and-forth conversation; to reduced 
sharing of interests, emotions, or affect; to failure to initiate or respond to social 
interactions 
b. Deficits in nonverbal communicative behaviours used for social interaction, 
ranging, for example, from poorly integrated verbal and nonverbal 
communication; to abnormalities in eye contact and body language or deficits in 
understanding and use of gestures; to a total lack of facial expressions and 
nonverbal communication. 
c. Deficits in developing, maintaining, and understanding relationships, ranging, for 
example, from difficulties adjusting behaviour to suit various social contexts; to 




B. Restricted, repetitive patterns of behaviour, interests, or activities, as manifested by at 
least two of the following, currently or by history: 
a. Stereotyped or repetitive motor movements, use of objects, or speech (e.g., simple 
motor stereotypies, lining up toys or flipping objects, echolalia, idiosyncratic 
phrases). 
b. Insistence on sameness, inflexible adherence to routines, or ritualized patterns or 
verbal nonverbal behaviour (e.g., extreme distress at small changes, difficulties 
with transitions, rigid thinking patterns, greeting rituals, need to take same route 




or eat food every day). 
c. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., 
strong attachment to or preoccupation with unusual objects, excessively 
circumscribed or perseverative interest). 
d. Hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects 
of the environment (e.g., apparent indifference to pain/temperature, adverse 
response to specific sounds or textures, excessive smelling or touching of objects, 
visual fascination with lights or movement). 
 
C. Symptoms must be present in the early developmental period (but may not become fully 
manifest until social demands exceed limited capacities, or may be masked by learned 
strategies in later life). 
 
D. Symptoms cause clinically significant impairment in social, occupational, or other 
important areas of current functioning. 
 
E. These disturbances are not better explained by intellectual disability (intellectual 
developmental disorder) or global developmental delay. Intellectual disability and autism 
spectrum disorder frequently co-occur; to make comorbid diagnoses of autism spectrum 
disorder and intellectual disability, social communication should be below that expected for 
general developmental level. 
 
Post-mortem studies of socio-emotional processing regions in ASD showed alterations in 
neuronal and axonal development, organization, and connectivity within frontal and temporal 
cortical regions 129. However, small sample sizes and examination of a limited number of 




selected regions limited the interpretation and generalizability of these results. Nonetheless, 
post-mortem findings included: (i) reduced neural size and increased packing density within 
limbic (grey matter) structures 131; (ii) reduced mean neuron density, neuron number and 
perikaryal volume within output layers of the fusiform gyrus 132; (iii) cortical dysgenesis 
within superior frontal and temporal grey and white matter regions 133; (iv) increased 
numbers of prefrontal cortex mini-columns 134 and (v) recent evidence implicating an 67% 
average increase in total neuronal number within the prefrontal cortex compared to controls 
135. These findings demonstrated an early neurodevelopmental insult that affects neuronal 
proliferation, migration, maturation and organization in prefrontal and temporal cortical 
regions within ASD brain.  
Preliminary examination of axonal properties within prefrontal white matter in ASD subjects 
found (i) increased small-diameter (representing short-range connections) and decreased 
large-diameter axon density (representing long-range connections) within anterior cingulate 
white matter, (ii) reduced myelin thickness in orbitofrontal cortex white matter, and (iii) no 










Chapter 3 Neuroimaging methods of investigating 
the white and grey matter anatomy  
 
The imaging methods used in this thesis are diffusion-based tractography and cortical 
morphometry. Tractography was used to identify and extract microstructural properties of 
tracts of interest in all three Experimental studies, whereas cortical morphometry analysis 
was employed only in Study 1 and 2. In this chapter a general overview of the methods is 
provided. A more detailed description of the methods can be found in the method section of 
each experimental chapter.  
 
3.1 Introduction to Diffusion tensor imaging tractography 
3.1.1 Basic principles 
Diffusion imaging tractography is a magnetic resonance imaging (MRI) method used to 
quantify the microstructural properties of biological tissue and perform in vivo virtual 
reconstructions of white matter trajectories 45. This technique is based on diffusion-weighted 
MRI, which sensitizes the magnetic resonance signal to the displacement of water molecules 
within biological tissues 137. The displacement of water molecules follows Einstein’s 
equation where the mean squared displacement 〈r2〉 is directly proportional to the observation 
time (t) according to:  〈r2〉 = 6Dt. 
 
Assuming that within a voxel of cerebrospinal fluid (CSF) the diffusion coefficient (D) is 
very close to the coefficient of free water (about 3x10-3 mm2s-1 in a human body at the 
temperature of 37o C), the water molecules are free to cover randomly an average distance of 
20 µm in about 




20 ms. However, the nervous tissue has a diffusion coefficient smaller than the one of the 
free water due to the presence of myelin, cell membranes, proteins and intracellular 
filaments. Here, water follows the main displacement of the brain structures in which is 
contained. Therefore, isotropic tissues, such as the grey matter, have equally water diffusivity 
along all directions. On the other hand, white matter of the brain and spinal cord is an 
anisotropic tissue due to the presence of parallel displaced fibres and axons and as a 
consequence water displacement is greater along the main direction of the fibres (Figure 9).  
 
 
Figure 9. Histological sections of the A) cerebral cortex and B) white matter fibres in the human brain. The two 
tissues differ in their microstructural organization and composition of their biological constituents. In the 
middle, an axial ADC map of the human brain is shown together with the visualization of the 3D displacement 
of a water molecule in regions with different degrees of anisotropy and diffusivity: 1) low isotropic diffusivity 
in the frontal cortex where the overall displacement is equally hindered in all directions; 2) high isotropic 
diffusivity in the cerebro-spinal fluid of the lateral ventricles; 3) oblique anisotropic diffusivity along the lateral 
fibres of the genu in the forceps minor; 4) oblique anisotropic diffusivity along the lateral fibres of the splenium 










Diffusion-weighted imaging (DWI) is sensitive to the random motion of water molecules that 
is regulated by the tissue cellularity and the presence of intact cell membrane which together 
constitute the principal factor of impedance to water molecule diffusion. The term ‘apparent 
diffusion coefficient’ (ADC) assesses quantitatively this impedance of water molecule 
diffusion and it is displayed as a parametric map that reflects the degree of water diffusion 
through different tissues 138,139. DWI as well as ADC maps are indispensable tools in the 
examination of the central nervous system and are commonly used for the early diagnosis 
especially in the context of acute ischaemic stroke, differentiation between brain tumors and 












Figure 10. A) Monodirectional ADC maps where the signal is sensitized according to the displacement of water 
molecules along the three orthogonal planes (x, latero-lateral direction; y, antero-posterior; z, superior-inferior). 
The fibres of the internal capsule and splenium have a similar arrangement but different orientation. Hence, the 
monodirectional ADC values can differ according to the direction of the measured diffusivity. In the first figure, 
the fibres of the internal capsule (blue circle) are perpendicular to the diffusion direction along the axis x and 
show low diffusivity, while those of the central portion of the splenium (red circle) are parallel to the x 
directions and therefore have high diffusivity. The diffusivity of the voxels containing fibres of the internal 
capsule and splenium changes in the other two examples where diffusivity is measured along the axis y (i.e. 
anterior-posterior) and z (dorso-ventral). B) Visualization of the diffusion tensor as a diffusion ellipsoid. The 
size and the shape are defined by the three eigenvalues (λ1, λ2, λ3 in red) while the spatial orientation by the 
three eigenvectors (v1, v2, v3 in blue). In biological tissue the tensor can vary between three possible 
configurations: i) axial anisotropy (where λ1 is greater than λ2 and λ3), which is typical of voxels containing 
parallel fibres; ii) planar anisotropy (when λ1 is similar to λ1 and greater than λ3), which is common in voxels 
containing two groups of crossing or diverging fibres; iii) isotropy (when all three eigenvalues are similar) 












3.1.2 Diffusion tensor imaging 
The Diffusion tensor imaging (DTI) is a technique capable of measuring the diffusivity of 
water molecules and visualizing the preferential orientation of their movement. As brain 
white matter can be characterized to a large extent by its orientation and anisotropy, DTI can 
measure the anisotropy and principal orientation of an anisotropic tissue. The visualization of 
white matter pathways in the living brain is based on a mathematical description of the 
overall displacement of the water molecules which geometrically corresponds to the diffusion 
tensor. This is because the diffusion tensor characterizes the three-dimensional diffusion of 
water as a function of spatial location and describes the magnitude, the degree of anisotropy 
and the orientation of diffusivity anisotropy 137. The diffusion tensor may be visualized using 
an 3D-ellipsoid with diffusion coefficient values (eigenvalues) and orientations 
(eigenvectors) of its three principal axes. The two most common measures of the 3D-
ellipsoid are mean diffusivity (MD) and fractional anisotropy (FA). The MD corresponds to 
the average water molecular displacement within a voxel while the FA is the measure of 
anisotropy of a given tissue described originally by Basser and Pierpaoli 140:  
 
 
Complementary information about the microstructural composition and architecture of the 
brain tissue is given by the axial diffusivity and the radial diffusivity, which represent the 
diffusivity along the principal direction of the diffusion tensor or perpendicular to it, 
respectively.  The interpretation of changes in the measured diffusion tensor is complex 
(Figure 11). The FA ranges between 0 and 1 and have a very different distribution among 
gray matter (GM), white matter (WM) and CSF.  The other measures in GM and WM appear 




more normally distributed with the largest difference between tissue types observed for the 
radial diffusivity measurements. White matter neuropathology characterized by 
demyelination, oedema, axonal injury often causes changes in all diffusion indices 141. 
 
 
Figure 11.  Histograms of FA, MD, Da and Dr in healthy gray matter (GM), white matter (WM) and CSF 141.  
 
 
3.1.3 White matter tractography 
White matter tractography refers to the process that pieces together contiguous voxels 
according to the orientation of the estimated tensors. Tractography is the only method that 
currently permits to delineate white matter trajectories in the living human brain. The 
streamlines delineated by tractography are obtained using algorithms that follow the principal 
eigenvector of the tensors, with specific criteria defined for starting, continuing and 
terminating the tracking process. Among these criteria, the most widely used are an FA 




threshold (usually 0.2 for adult normal brain or lower for pathological or younger subjects) 
and the angle threshold between two contiguous tensors (usually between 30 and 60 degrees). 
The primary applications of tractography is the 3D visualization of white matter pathways 
and the extraction of diffusion properties along the course of each pathway 142,143.  
Tractography is also used for the segmentation of cortical areas and subcortical regions, such 
as the thalamus, amygdala and basal ganglia. Tractography can reconstructs the main 
association, commissural, and projection fasciculi of the human brain (Figure 12).  
 
Figure 12. Tracking continuous pathways with diffusion tensor imaging. A) Streamline tractography is based 
on the assumption that in each white matter voxel the principal eigenvector (red arrow) is tangent to the main 
trajectory of the underlying fibers (black). Starting from a seed voxel (blue circle) the tractography algorithm 
propagates, voxel by voxel, a streamline (blue) by piecing together neighboring principal eigenvectors (v1). B) 
Axial section of the eigenvector map and streamlines (blue) through the lateral splenium of the corpus callosum. 
C) Tractography reconstruction of the splenial streamlines visualized as 3D streamtubes. D, E) Comparison 
between the virtual in vivo reconstruction of the arcuate fasciculus and the corresponding post-mortem 
dissection 45.  
 
The association pathways (Figure 13) connect cortical regions within the same hemisphere 




and there are the long association tracts connecting distant regions between lobes (the arcuate 
fasciculus, the cingulum, the uncinate, the inferior longitudinal fasciculus, and the inferior 
fronto-occipital fasciculus) and the short U-shaped fibres connecting neighboring gyri within 
the same lobe (intralobar fibres) or different lobes (interlobar fibres). The arcuate fasciculus 
is a lateral tract composed of long and short fibres connecting the perisylvian cortex of the 
frontal, parietal and temporal lobes. The short fibres lie more lateral than the long fibres. The 
cingulum is a medial tract that runs within the cingulate gyrus around the corpus callosum 
and contains fibres of different length, the longest of which run from the anterior temporal 
lobe to the orbitofrontal cortex. Short U-shaped fibres connect the medial frontal, parietal, 
occipital and temporal lobes and different portions of the cingulate cortex. The uncinate 
fasciculus is a ventral tract that connects the anterior temporal lobe with the medial and 
lateral orbitofrontal cortex. The inferior longitudinal fasciculus is a ventral tract with long 
and short fibres connecting the occipital and temporal lobes. Its long fibres, which are medial 
to its short fibres, connect visual areas to the temporopolar cortex, amygdala and 
hippocampus. The inferior fronto-occipital fasciculus is a ventral tract that connects the 




Figure 13.  In vivo diffusion tensor tractography reconstruction of the association, projection, and commissural 
pathways of the human brain 45.  





The commissural pathways (Figure 14) connect the two halves of the brain and are the corpus 
callosum, the anterior commissure, and the posterior (hippocampal) commissure.  The corpus 
callosum is the largest bundle of the human brain and connects left and right cerebral 
hemispheres. It is conventionally divided into an anterior portion (genu) connecting the 
prefrontal and orbitofrontal regions, a central part (body) connecting precentral frontal 
regions and parietal lobes, and a posterior portion connecting the occipital lobes (splenium). 
The term tapetum is used for the lateral-inferior extensions of the splenial fibres connecting 
the posterior temporal lobes. The rostrum is a small part located just below the genu 
connecting the most medial regions of the orbitofrontal cortex. The fibres of the genu and 
rostrum arch anteriorly away from the midline and form together the anterior forceps (or 
forceps minor). The fibres of the splenium arch posteriorly and form the posterior forceps (or 
forceps major). The anterior commissure connects bilaterally the anterior and ventral 
temporal lobes (including the amygdalae) of the two hemispheres, and also the olfactory 
bulbs 44.  
The projection pathways (Figure 14) connect the cortex to subcortical structures, such as 
deep cerebral nuclei, brainstem nuclei, and spinal cord. The fornix is a projection bundle that 
connects the medial temporal lobe (i.e. the hippocampus) to the septal nuclei and the 
mammillary bodies of the hypothalamus. The fornix belongs to the limbic system and is 
involved in memory functions The internal capsule and corona radiata contain ascending 
fibres mainly from the thalamus and descending fibres from the frontoparietal cortex to 
subcortical nuclei, including the basal ganglia, the brainstem nuclei, and the spinal cord 44.  
 
3.1.4 Limitations  
The development of DTI and tractography algorithms allowed, for the first time, to measure 




and extract in vivo and non invasively the organization and integrity of white matter fibres 
and to reconstruct three dimensional trajectories of the major white matter pathways. Despite 
the fact that this technique has become the most important tool for investigating the 
connectional anatomy of the normal and pathological human brain, there are some limitations 
that will be discussed below in this paragraph 144.  
The ability to reproduce three-dimensional trajectories of white matter connections in the 
living human brain is a unique feature of tractography. Nevertheless, for the tracts that reach 
cortical regions without crossing with other connections (e.g. dorsal cingulum’ medial 
callosal fibres, and so on) the details of the ‘virtual reconstructions’ match those derived from 
human postmortem blunt dissections or histology while for other tracts the matching is rather 
incomplete due to the limitations of the diffusion tensor model and the intrinsic low spatial 
resolution of the human diffusion datasets. This is particularly evident for tracts that do not 
reach cortical regions with crossing with other connections 144.  
Another limitation is related to the extraction of quantitative diffusion indices, such as 
fractional anisotropy and mean diffusivity. Along the dissected tract it is possible to 
characterize the microstructural properties of tissue in the normal and pathological brain and 
provide quantitative measurements for group comparisons or individual case studies 145-147. 
However, the interpretation of these indices is not always straightforward, especially in 
regions containing fibre crossing. An example of the complexity of this problem is the 
increase of fractional anisotropy commonly seen in the normal-appearing white matter 
regions distant to the damaged area. Before interpreting these changes as indicative of 
‘plasticity or remodeling’, other explanations should be taken into account. In voxels 
containing both degenerating and normal fibres, increases in fractional anisotropy values are, 
in fact, more likely due to the axonal degeneration of the perpendicular fibres. The lack of 
specificity of current diffusion indices (i.e., diffusion changes depend on a number of 




biological, biochemical and microstructural factors) and the intrinsic voxel-specific rather 
than fibre-specific information derived from current indices has stimulated scientists to work 
on new methods and novel diffusion indices.  
Recently, true tract specific indices based on spherical DE convolution that better describe 
the microstructural diffusion changes of individual crossing fibres within the same voxel 
have been proposed. Changes in the hindrance modulated orientation anisotropy, for 
example, have a greater sensitivity than conventional fractional anisotropy values to detect 
degeneration that occurs only in one population of fibres, whereas the others crossing fibres 
remain intact. In the future, tractography combined with other methods will allow to extract 
even more specific tissue microstructure indices, such as axonal diameter 148.  
Finally, advanced diffusion models that resolve multiple white matter trajectories offer the 
possibility of describing and identify new tracts. By using spherical deconvolution 
tractography, for example, it is possible to visualize and quantify the volume of the three 
segments of the superior longitudinal fasciculus, a tract previously described only in the 
monkey brain. Recently, the same method has been used to reveal new details of the short 
frontal lobe connections. Although an exact knowledge of these short fibres represents a 
significant step forward in our understanding of human anatomy, it is important to be aware 
that tractography based on advanced diffusion methods is prone to produce a higher number 
of false positives compared to DTI tractography. Hence, validation of these tracts with 
complementary methods is necessary before applying these anatomical models to clinical 









3.2 Cortical Morphometry analysis with Freesurfer 
3.2.1 Introduction 
FreeSurfer is a suite of powerful tools for the analysis of neuroimaging data that provides an 
array of algorithms to quantify the functional, connectional and structural properties of the 
human brain. FreeSurfer automatically creates models of most macroscopically visible 
structures in the human brain given any reasonable T1-weighted input image. The structural 
properties of the human brain that Freesurfer can generate comprehends volumetric 
segmentation of most macroscopically visible brain structures, segmentation of hippocampal 
subfields, inter-subject alignment based on cortical folding patterns, segmentation of white 
matter fascicles using diffusion MRI, parcellation of cortical folding patterns, estimation of 
architectonic boundaries from in vivo data, mapping of the thickness of cortical gray matter, 
and the construction of surface models of the human cerebral cortex.  
 
3.2.2 Methods 
FreeSurfer analysis suite (http://surfer.nmr.mgh.harvard.edu/) was used to derive models of 
the cortical surface in each T1-weighted image in my experimental studies. These well-
validated and fully automated procedures have been described extensively 150-153.  
The first stage of the processing involves several intensity normalization steps, followed by 
skull stripping, and image segmentation using a connected components algorithm. The 
algorithm is a general technique for segmenting images into contiguous regions that operates 
by considering the image intensity values as a "watershed basin", and then gradually 
"flooding" 
the basin with water by incrementally thresholding the image. At each increment, the separate 
regions are identified. If two regions or “basins”, which were previously separated, come into 
contact at a subsequent step of "flooding", a determination is made about whether to merge 




them into one region, or to create a "dam" between them and keep them as separate regions, 
based on a watershed threshold of difference of "depth" between the regions and the current 
"flooding" level. 
The next step of Freesurfer’s processing pipeline is the surface tessellation for each white 
matter volume by fitting a deformable template. This results in a triangular cortical mesh for 
gray and white matter surfaces consisting of approximately 150,000 vertices (i.e. points) per 
hemisphere. Following standard FreeSurfer pre-processing, each reconstructed surface is then 
visually inspected for reconstruction errors, and images that do not reconstruct correctly (i.e. 
with visible anatomical abnormalities) are further excluded from the statistical analysis 
(dropout 5%). 
Measures of cortical thickness are computed as the closest distance from the gray and white 
matter boundary to the gray matter and cerebrospinal fluid boundary at each vertex on the 
tessellated surface. Vertex-based estimates of surface area are derived as outlined by 154. 
Here, the individual’s native surface is initially transformed into a spherical representation, 
which preserves vertex identities (e.g. total numbers) and original areal quantities, and 
subsequently registered to a common atlas/template. This registration does not change areal 
quantities but shifts vertex positions to match the template. Finally, areal quantities are 
transferred to a common grid via areal interpolation. Here, the final amount of ‘area’ each 
face receives on the new grid depends on the overlap between the original source face and the 
target (i.e. common grid) face. In this way, the fixed target surface is redistributed across one 
of more source faces and can be used as weighting factor to account for inter-individual 
differences in surface reconstructions. Vertex-wise estimates of cortical volume are derived 
as the product of cortical thickness and surface area at each cerebral vertex. FreeSurfer can 
also compute mean cortical thickness, total surface area and total cortical volume (across 
hemispheres). To improve the ability to detect population changes, each parameter is 




smoothed using a 5-mm surface-based smoothing kernel. 
The statistical analysis is conducted using the SurfStat toolbox (http: 
//www.math.mcgill.ca/keith/surfstat/) for Matlab (R2013a; MathWorks). Parameter estimates 
for vertex-based measures of cortical thickness, surface area and cortical volume were 
estimated by regression of a general linear model (GLM) each vertex i and subject j, with (1) 
group and gender as categorical fixed-effects factor; and (2) age, and a total brain measure 
(i.e. mean CT, total SA, total CV respectively) as continuous covariates, so that  
Yi = β0 +β1 Groupj + β2 IQj + β3 Agej + β4 TotalBrainj + εi. 
Between-group differences are estimated from the fixed-effect coefficient β1 normalized by 
the corresponding standard error. Corrections for multiple comparisons across the whole 
brain are performed using random-field theory (RFT) based cluster-corrected analysis for 






Chapter 4 Neuropsychological Test Battery 
For the experimental part of the thesis, several validated neuropsychological tests, structured 
or semi-structured interviews, and questionnaires have been used. These instruments assess 
several aspects of human cognition and behaviour related to frontal lobe functions. Below the 
individual tests and questionnaires are briefly described.  
 
Autism Diagnostic Interview-Revised (ADI-R). 
The Autism Diagnostic Interview-Revised (ADI-R) is a clinical diagnostic instrument for 
assessing autism in children and adults 156. The ADI-R provides a diagnostic algorithm for 
autism as described in both the ICD-10 and DSM-IV. The interview contains 93 items and 
focuses on behaviours in three content areas or domains: quality of social interaction (e.g., 
emotional sharing, offering and seeking comfort, social smiling and responding to other 
children); communication and language (e.g., stereotyped utterances, pronoun reversal, social 
usage of language); and repetitive, restricted and stereotyped interests and behaviour (e.g., 
unusual preoccupations, hand and finger mannerisms, unusual sensory interests). The 
measure also includes other items relevant for treatment planning, such as self-injury and 
over-activity. The ADI-R interview generates scores in each of the three content areas (i.e., 
communication and language, social interaction, and restricted, repetitive behaviours). 
Elevated scores indicate problematic behaviour in a particular area. Scores are based on the 
clinician's judgment following the caregiver's report of the child's behaviour and 
development. For each item, the clinician gives a score ranging from 0 to 3. A score of 0 is 
given when "behaviour of the type specified in the coding is not present"; a score of 1 is 
given when “behaviour of the type specified is present in an abnormal form, but not 
sufficiently severe or frequent to meet the criteria for a 2”; a score of 2 indicates "definite 
abnormal behaviour” meeting the criteria specified; and a score of 3 is reserved for "extreme 




severity" of the specified behaviour. (The authors of the measure recode 3 as a 2 in 
computing the algorithm.) There are also scores of 7 (“definite abnormality in the general 
area of the coding, but not of the type specified”), 8 (“not applicable”), and 9 (“not known or 
not asked”) given under certain circumstances, which all are converted to 0 in computing the 
algorithm. A classification of autism is given when scores in all three content areas of 
communication, social interaction, and patterns of behaviour meet or exceed the specified 
cutoffs, and onset of the disorder is evident by 36 months of age. The same algorithm is used 
for children from mental ages 18 months through adulthood, with three versions containing 
minor modifications: 1) a life-time version; 2) a version based on current behaviour; and 3) a 
version for use with children under the age of 4 years. The algorithm specifies a minimum 
score in each area to yield a diagnosis of autism as described in ICD-10 and DSM-IV. The 
total cutoff score for the communication and language domain is 8 for verbal subjects and 7 
for nonverbal subjects. For all subjects, the cutoff for the social interaction domain is 10, and 
the cutoff for restricted and repetitive behaviours is 3.  
 
Frontal Behaviour Inventory (FBI). 
The Frontal Behaviour Inventory (FBI) is a 24-item caregiver questionnaire developed and 
standardized with the purpose of differentiating the behavioural variant of Frontotemporal 
Dementia (bvFTD) from other dementias, such as Alzheimer’s Disease (AD) and Vascular 
Dementia (VAD) 157. The FBI offers an indirect method to quantify the severity of the 
behaviour disorder of FTD for several clinical aspects linked to negative behaviours (apathy, 
aspontaneity, indifference, inflexibility, concreteness, personal neglect, disorganization, 
inattention, loss of insight, logopenia, verbal apraxia and alien hand), and positive behaviours 
(perseverations/obsessions, irritability, jocularity, irresponsibility, inappropriateness, 
impulsivity, restlessness, aggression, hyperorality, hypersexuality, utilization behaviour and 




incontinence). The inventory requires a reliable observer and the administration is about 20-
30 minutes, depending on the extent and severity of symptoms and the caregiver’s verbal 
capacity. The severity of symptoms is scored in a scale between 0 and 3 (0 = never, 1 = mild 
or occasional, 2 = moderate, 3 = severe or very frequent).  An operational definition of FTD 
included a minimum FBI score of 27.  
  
Frontal Systems Behavioral Scale (FrsBe). 
The FrSBe, formerly known as the Frontal Lobe Personality Scale (FLoPS), provides a brief, 
reliable, and valid measure of three frontal systems behavioural syndromes: apathy, 
disinhibition, and executive dysfunction. It also quantifies behavioural changes over time by 
including both baseline (retrospective) and current assessments of behaviour. The FrSBe 
includes a Total Score, as well as scores on three subscales related to the three frontal 
systems behavioural syndromes: Apathy (14 items), Disinhibition (15 items), and Executive 
Dysfunction (17 items). This 46-item, paper-and-pencil behaviour rating scale is much easier 
and less time-consuming to administer than a neuropsychological test battery. Two hand-
scorable, carbonless test booklets are available: one for self-rating and one for rating by a 
family member or caregiver. Each item is rated on a 5-point Likert scale. Items are written at 
a 6th-grade reading level. Two profile forms (Self and Family) allow comparisons of 
behaviours pre- and post-injury/illness.  The FrSBe Professional Manual provides norms for 
self-ratings and family ratings. The normative sample included 436 men and women ranging 
in age from 18 to 95 years and in education from 10 years to doctoral level. Normative tables 
stratified for gender, age, and education provide T scores for the self-rating form and the 









Hospital Anxiety and Depression Scale (HADS). 
Hospital Anxiety and Depression Scale (HADS) is a self-assessment scale developed to 
detect symptoms of depression and anxiety in hospital wards or outpatient clinics. Patients 
are required to complete a questionnaire composed of 14 items, each containing four 
statements related to four levels of symptoms severity (0 no symptoms, 1 mild symptoms, 2 
moderate symptoms, 4 severe symptoms). The scores range from 0 to 21, with 0-7 indicating 
no symptoms of anxiety or depression, 8-10 indicating borderline case and 11-21 indicating 
severe symptoms. The scores are given separately for anxiety and depression 160.  
 
Kissing and Dancing test (KDT). 
Kissing and Dancing test (KDT) is a novel associative test consisting of 52 triplets of pictures 
depicting actions and 52 word triplets consisting of verbs, which are directly comparable with 
the 52 triplets of objects and nouns of the pyramids, palm trees test (PPT). The aim of this 
test is to assess the knowledge of actions and verbs. The authors considered the KDT to be an 
extension of the PPT 161.  
 
Modified Token Test. 
The Token Test 162, was initially developed to detect mild receptive language disorders in 
aphasic patients. The Token test is an extremely simple test to administer and to score and it 
is sensitive to the disrupted linguistic processes that are central to the aphasic disability. 
Participants whose failure on this test are mostly due to defective auditory comprehension 
tend to confuse colours and shape and to carry out fewer that the required instructions. They 
may begin to perseverate as the instructions become more complex. The commands in the 
Token Test are independent of redundancies in a communicative situation. All commands 




consist of non-redundant words, referring to circles and (in the original Token Test) 
rectangles in different colours (original Token Test: red, green, blue, yellow and white) and 
sizes (large and small). The objects do not give a cue for a specific action. To perform the 
requested action, every content word has to be decoded. The original test consists of 61 
commands. Because of the frequent use of the test in clinical practice, several short forms are 
developed. In Experimental study 1 we used a modified and shortened version of the De 
Renzi and Vignolo Token Test. This modified version employed Weigl’s blocks presented in 
a random array and consisted of 15 complex but abstract commands involving these blocks. 
Commands were spoken and presented once only. Scoring was pass or fail on each 
command. Maximum score was 15 163. As a verbal comprehension test, poor performances 
on this test are usually associated with lesion in the posterior superior temporal lobe and, in 
same cases, in the primary auditory sensory area in the dominant hemisphere 164.  
 
Pyramid and Palm Trees test (PPT). 
Pyramid and Palm Trees test (PPT) allows comparison of semantic knowledge for words and 
pictures using not only cross-modal matching, but also matching within the same modality. 
Participants are asked to decide, by pointing, which of a pair of items, such a palm tree or a 
pine tree, goes better with a third (a pyramid). The stimulus can be presented as a written or 
spoken word, or as a picture; the target and distractor can be either pictures or written words. 
The basis of the match is a semantic association; in this case, the palm tree ‘goes with’ the 
pyramid, on the grounds that both are found in hot climates, or that both are found in Egypt.  
It was initially normalized in England with a group of 60 healthy English-speaking subjects. 
Participants’ performance was very consistent and strong. None of the subjects made more 
than three errors and the authors concluded that a subject scoring 90% or better on the PPT 
does not have clinically significant impairment in this task; consequently, researchers and 




clinicians generally consider that a score lower than 47/52 on this test indicates significant 
semantic memory deficit 165.  
Neuropsychological and functional neuroimaging studies suggest that the semantic 
processing of verbal and non-verbal stimuli of the PPT may depend on partially distinct brain 
networks. Butler C. et al. found that the regions of gray matter that correlated with scores on 
the PPT word version were left and right temporal lobes, bilateral hippocampus, temporal 
pole and superior, middle and inferior temporal gyri. Similarly, PPT picture scores were 
associated with damage on the bilateral hippocampus, temporal pole and superior, middle and 
inferior temporal gyri. However, patients with predominant right temporal atrophy scored 
significantly worse than those with left-sided atrophy on the picture score while there was no 
difference bewteen the groups in performance on the PPT word scores 166. These findings 
also parallel functional imaging findings. Vandenberghe et al. used PET to study a semantic 
association task derived from the PPT test and found that the verbal task preferentially 
activated the left superior temporal sulcus, anterior middle temporal gyrus and inferior frontal 
sulcus 167. Thierry and Price, comparing conceptual processing of verbal and non-verbal 
stimuli in both visual and auditory modalities, found greater activation in the non-verbal trials 
in the right fusiform gyrus and right superior, middle and inferior temporal gyri 168.  
 
Verbal Fluency Index (Semantic fluency, Phonemic fluency). 
Verbal Fluency Index (Semantic fluency, Phonemic fluency) is a widely used tool to assess 
frontal executive and language abilities. This index is the difference between the specified 
time for the generation condition and time taken for control condition was then calculated 
and used to determine the fluency index (fi), which represented the average time taken to 
think of each item. In order to generate the phonemic fluency index, participants are required 
to generate as many words as possible beginning with ‘S’ in 5 min and 4-letter words 




beginning with ‘C’ in 4 min adjusted for motor disability. The semantic version of the task 
requires participants to generate as many words as possible belonging to a given category 
(e.g. animals and foods words) adjusted for motor disability in 2 minutes 169.  
Different studies showed that poor performance on the phonemic verbal fluency index was 
associated with damage mainly to the dorsolateral prefrontal cortex. Stuss et al. demonstrated 
that damage to the left dorsolateral prefrontal cortex resulted in impaired on phonemic verbal 
fluency task 170 while Sarazin showed that reduced PET glucose metabolism in this area was 
correlated with poor performance on the verbal fluency task 171. However, there are also other 
studies that suggest that the frontal pole, the anterior cingulate cortex, the ventrolateral 
prefrontal cortex and the left middle and inferior frontal gyri may be also involved in verbal 
fluency task performance 172-175.  
Neuropsychological studies found evidence that deficit on the semantic verbal fluency task 
was associated with dorsolateral prefrontal damage. However, whereas phonemic verbal 
fluency deficits were associated with damage to the left dorsolateral prefrontal cortex, 
semantic verbal fluency were associated with either left or right dorsolateral prefrontal 
damage 176. In addition, there is evidence to suggest that also that the ventromedial prefrontal 
cortex and the anterior cingulate cortex are involved in semantic verbal fluency as well as 
damage to more posterior brain areas as temporal and parietal regions 174,176-178. In particular, 
Baldo et al. found that performance on semantic verbal fluency was mainly associated with 
posterior lesions in the temporal lobes 179. 
In summary, according to the literature performance on verbal fluency depends on a 
distributed brain network of the prefrontal cortex and in particular the semantic verbal 
fluency relies also on more posterior regions, including the temporal lobes.  
 
 




Wisconsin Card Sorting Test (WCST).  
The Wisconsin Card Sorting Test (WCST) is one of the most commonly used tests for 
assessing executive functions in clinical settings 180,181. Participants are presented with four 
target cards and two decks of 64 cards (one deck is presented at a time) all of which depict 
shapes of a certain number and color. Participants are required to sort the cards according to a 
rule set by the experimenter (e.g., color: a ‘green; pile, a ‘red’ pile; shape: a ‘triangle’ pile, a 
‘circle’ pile; number: a ‘2-item’ pile, a ‘3-item’ pile) by drawing cards one-at-time from the 
deck of cards and matching each one with one of four target cards. In the most widely used 
form of the WCST, participants are not told the sort rule, and are required to discover the rule 
for themselves through trial and error. The experimenter gives the participants feedback after 
each card placement by simple saying ‘correct’ or ‘incorrect’. After a series of correct card 
placements, however, the sort rule changes without the participant’s knowledge and the 
participant should work out the new sort rule. Performance is usually reported in terms of the 
number of contingencies achieved and the number of perseverative errors made after the 
sorting rule changes. However, other measures can also be reported as total correct card sorts, 
number of trials taken to understand the shift in the sort rule, etc. In Experimental study 1 we 
used a computerized version of Wisconsin Card Sorting Test 182.  
Large meta-analysis of lesion studies showed that frontal lesion patients performed more 
poorly than posterior lesion patients 183. However, no laterality effect was observed in the 
analysis, suggesting that right- and left-sided lesions have similar implications.  
A number of studies investigated the neuroanatomical correlates of WCST performance. 
Stuss et al. observed that patients with dorsolateral prefrontal damage achieved fewer sorting 
categories and committed more perseverative errors than other prefrontal patients. On the 
other hand patients with ventromedial prefrontal lesions committed more perseverative errors 
and achieved fewer sorting categories than patients with posterior lesions 184. Barcelo and 




Knight fould that also patients with anterior cingulate cortex damage showed an increase rate 
of perseverative, non-perseverative and efficiency errors in WCST 185. To conclude, although 
various studies reported that patients with frontal lesions performed significantly more poorly 
than non-frontal patients, the location of damage within the frontal lobes and in particular in 














Chapter 5 Experimental Study 1: Neuronal 
correlates of cognitive and behavioural performaces 
in Motor Neuron Disease.  
  
5.1 Introduction  
Motor Neuron Disease (MND) is a neurodegenerative disorder of unknown etiology 
111,112,186,187 characterized by progressive muscular paralysis, reflecting the degeneration of 
both upper motor neurons (UMN) and lower motor neurons (LMN) in the spinal cord, 
brainstem, and motor cortex 112,188. Although Jean-Martin Charcot did not indicate the 
occurrence of psychiatric and cognitive symptoms in his first report of MND 108, others 
included them. The first three cases reported by Wechsler in 1932, for example, presented 
with additional cognitive impairment, psychotic symptoms and depression that were 
associated with histopathological abnormalities in the cortical motor areas, underlying white 
matter and basal ganglia, in particular in the globus pallidus. Wechsler concluded that a 
common neurodegenerative mechanism underlies both motor and neuropsychiatric 
symptoms, except for depression, which he considered to be of a ‘reactive’ nature 14. 
In more recent studies, non-motor symptoms in MND have been extensively studied 
both clinically and with neuroimaging methods. Between 5% and 15% of MND patients meet 
the criteria for frontotemporal dementia (FTD) whereas 35% of MND patients have a mild 
and isolated cognitive impairment 188-190. The most important cognitive domains affected in 
MND have been reported to be executive functions and specific language deficits, 
particularly on tests of verbal fluency and syntactic comprehension 113,169,172,191-193. 
Behavioural changes can coexist with cognitive impairment in patients with MND, or more 
often they present in isolation 113,193. Depression, apathy, anxiety, difficulty with social 
judgment and disinhibition can affect a significant number of patients with MND 194. 




Depressive disorder in MND can be associated with anxiety, pervasive anhedonia, sadness, 
tearfulness, hopelessness, lower quality of life, and suicidal ideation 195, with a prevalence 
comparable to that reported in Alzheimer’s disease, Huntington’s disease and other medical 
disorders 196,197. Thus, MND may be associated with significant psychiatric manifestations. 
However, to date it remains uncertain whether mental health manifestations of MND share 
the same aetiology as motor symptoms or whether they are secondary to the effect of 
increasing neurological disability.  
Several studies have used cortical thickness analysis as an in vivo indirect measure of 
cortical atrophy in MND patients. In addition to precentral regions 198-201, differences in 
cortical thickness have been reported in MND for the temporal lobe 202, parietal and occipital 
regions 199. More recently, diffusion tensor imaging (DTI) tractography studies have 
evaluated the location and extent of white matter involvement in patients with MND 203. DTI 
studies reported that in addition to the corticospinal tract, white matter tract degeneration 
often extends to extra-motor fibres of the corpus callosum, cingulum, inferior longitudinal, 
inferior fronto-occipital and uncinate fasciculi 204-207. These findings suggest that during the 
course of the illness, the neurodegenerative process affects extra-motor cortical and 
subcortical regions involved in cognition and behaviour. 
Despite this, few studies have investigated the association between the pattern of cortical 
atrophy and white matter degeneration and severity of cognitive deficits and behaviour 
symptoms in MND patients 208.  Schuster et al. 209 found cortical atrophy in the frontal and 
temporal gyri and in the posterior cingulate cortex in the MND group with cognitive 
impairment, although the authors did not report a relationship with severity of cognitive 
impairment. Sarro et al. (2011) showed an association between cognitive functions and white 
matter abnormalities in MND patients 207. However, after adjusting for multiple comparisons 
only few of these relationships remained statistically significant.  




The aim of this study was to investigate the cortical and white matter anatomical 
abnormalities underlying behaviour and cognitive performances in MND patients using a 
multimodal neuroimaging approach. In this study, a broad battery of neuropsychological tests 
was used to investigate executive and non-executive performance in MND patients. Previous 
studies (see Chapter 4) suggest that the cognitive processing of executive and non-executive 
tests used in this study relies on broad brain networks involving frontal but also posterior 
brain regions. First, an exploratory vertex-wise analysis across the entire cortex was 
performed to determine whether MND was associated with a cortical signature of thinning in 
specific motor and extra-motor regions. Second, the microstructural organization of the major 
association tracts underlying regions of cortical damage was explored using diffusion 
tractography. Finally, a possible correlation was investigated between these cortical and 
white matter measurements with behavioural and cognitive performances in MND patients.  
The first hypothesis was that the grey and white matter damage in MND extends to 
extramotor regions. Based on previous studies, an involvement of a limbic medial dorso-
ventral network can be hypothesized. Second, a direct correlation between atrophy of the 
cortical regions connected by this dorso-ventral medial network and cognitive and 
behavioural performances is expected.  
 
5.2 Material and methods 
Participants, inclusion and exclusion criteria 
Patients with MND were recruited from The King’s Motor Neurone Disease Care and 
Research Centre, London, UK and in part from the Barts and The London Motor Neurone 
Disease Centre, London, UK. Healthy control participants, recruited through a volunteer 
database and the local community, were matched as closely as possible to the MND group for 
age, gender and education.  




The inclusion criteria for the patients of the present study were the following: (1) having 
definite, probable or possible MND using the revised El Escorial criteria after excluding 
other conditions 115; (2) no family history of MND; (3) no clinical diagnosis of FTD or 
Primary Progressive Aphasia 90,101; (4) no history of cerebrovascular disease or any other 
major systemic, psychiatric or neurological illnesses; (5) no other causes of focal or diffuse 
brain damage, including lacunae and other evidence of cerebrovascular disease at routine 
MRI scans; (6) right-handedness; (7) English as first language; (8) not taking any 
psychoactive medication. We excluded patients with severe dysarthria (MNDFRS-R score on 
bulbar items 1-3 < 9) 210, severe respiratory insufficiency (FVC < 70% predicted), and 
insufficiently intelligible speech. 
 
Clinical Assessment and Neuropsychological examination  
The Amyotrophic Sclerosis Functional Rating Scale Revised (ALSFRS-R) 210 was used to 
assess disease severity within two weeks from MRI. All patients were treated with Riluzole.  
A comprehensive test battery was developed for the present study including a broad battery 
of tests assessing executive functions, memory and language. All the patients underwent the 
neuropsychological tests. Current IQ was evaluated for all subjects with the Wechsler 
Abbreviated Scale of Intelligence (WASI)211. Executive functions were tested using the 
computerized Wisconsin Card Sorting test (WCST) 182, and the Verbal Fluency Index 
(Semantic fluency, Phonemic fluency) 169. Language functions were examined with the 
Pyramid and Palm Trees test (PPT) 165, the Kissing and Dancing test (KDT) (block 
randomization was applied) 161, Modified Token test 163. Symptoms of anxiety and depression 
were assessed using the Hospital Anxiety and Depression Scale (HADS) 160. Current 
behavioural involvement (measuring everyday apathy, executive dysfunction and 
disinhibition) was assessed using the Frontal Systems Behavioural Scale (FrsBe) 158,159. 




According to current consensus criteria, to be diagnosed with MND and cognitive 
impairment, the patients must score at or below the 5th percentile, compared to age and 
education matched norms, on at least two distinct cognitive tests sensitive to executive 
functioning 212.  
 
Ethics statement 
The study was approved by the Joint South London and Maudsley and The Institute of 
Psychiatry NHS Research Ethics Committee (LREC (07/H0807/85) and all participants gave 
written informed consent.  
 
MRI Data Acquisition 
All participants were scanned at the Centre for Neuroimaging Sciences, Maudsley Hospital, 
Institute of Psychiatry, Psychology and Neuroscience, London UK, using a 3.0-GE Hdx 
Signa System (General-Electric, Milwaukee, WI).  High-resolution structural T1-weighted 
volumetric images were acquired with full head cover-age, 160 contiguous slices (1.1-mm 
thickness, with 1.2 × 1.2-mm in-plane resolution), a 256×256×160 matrix and a repetition 
time/echo time/inversion time (TR/TE/TI) of 7.04/2.8/450 ms (flip angle=20 in., FOV=28 
cm).  A (birdcage) head coil was used for radiofrequency transmission and reception. 
Consistent image quality was ensured by a semi-automated quality control procedure.  
Diffusion weighted imaging (DWI) data was acquired using a 3T GE Signa HDx MRI 
scanner (General Electric, Milwaukee, WI, USA) with actively shielded magnetic field 
gradients (maximum amplitude 40 mT/m). Radio Frequency (RF) signals were transmitted 
using a body coil and received using an 8-channel head coil. This allowed a parallel imaging 
(ASSET) speed up factor of two. Volume acquisition was optimized to provide precise 
whole-brain measurements of the diffusion tensor using a multi-slice peripherally gated twice 




refocused spin-echo echo-planar imaging (SE-EPI) sequence, with an echo time (TE) = 104.5 
ms and an effective repetition time (TR) that varied between 15 and 20 RR intervals. Each 
volume had a total of 60 contiguous near-axial slice locations with isotropic (2.4 x 2.4 x 2.4 
mm) resolution, and a FoV equal to 30.7 cm and a matrix size of 128x128. In accordance 
with Jones et al. 213, at each slice location four SE-EPI images were acquired without 
diffusion gradients being applied (b = 0 s/mm2), alongside DWI with diffusion gradients 
applied along 32 (b =1300 s/mm2) directions uniformly distributed throughout space. 
 
Cortical Surface Reconstruction using FreeSurfer 
All individual T1-weighted scans were initially screened by a radiologist to exclude images 
with visible clinical abnormalities or large-scale movement artifacts. Scans of insufficient 
quality were excluded from the analysis. 
FreeSurfer analysis suite (vFS5.3.0) (http://surfer.nmr.mgh.harvard.edu/) was used to derive 
models of the cortical surface in each T1-weighted image. These well-validated and fully 
automated procedures have been described extensively 150-153. In brief, a single filled white 
matter volume was generated for each hemisphere after intensity normalization, skull 
stripping, and image segmentation using a connected components algorithm. Then, a surface 
tessellation was generated for each white matter volume by fitting a deformable template. 
This resulted in a triangular cortical mesh for gray and white matter surfaces consisting of 
approximately 150,000 vertices (i.e. points) per hemisphere. Following standard FreeSurfer 
pre-processing, each reconstructed surface was then visually inspected for reconstruction 
errors, and images that did not reconstruct correctly (i.e. with visible anatomical 
abnormalities) were further excluded from the statistical analysis (dropout 5%). Measures of 
cortical thickness were computed as the closest distance from the gray and white matter 
boundary to the gray matter and cerebrospinal fluid boundary at each vertex on the tessellated 




surface. Vertex-based estimates of surface area were derived as outlined by 154. Here, the 
individual’s native surface is initially transformed into a spherical representation, which 
preserves vertex identities (e.g. total numbers) and original areal quantities, and subsequently 
registered to a common atlas/template. This registration does not change areal quantities but 
shifts vertex positions to match the template. Finally, areal quantities are transferred to a 
common grid via areal interpolation. Here, the final amount of ‘area’ each face receives on 
the new grid depends on the overlap between the original source face and the target (i.e. 
common grid) face. In this way, the fixed target surface is redistributed across one of more 
source faces and can be used as weighting factor to account for inter-individual’s differences 
in surface reconstructions. Vertex-wise estimates of cortical volume were derived as the 
product of cortical thickness and surface area at each cerebral vertex. We also computed 
mean cortical thickness, total surface area and total cortical volume (across hemispheres) for 
each participant. To improve the ability to detect population changes, each parameter was 
smoothed using a 5-mm surface-based smoothing kernel. 
The statistical analysis was conducted using the SurfStat toolbox (http: 
//www.math.mcgill.ca/keith/surfstat/) for Matlab (R2013a; MathWorks). Parameter estimates 
for vertex-based measures of cortical thickness, surface area and cortical volume were 
estimated by regression of a general linear model (GLM) each vertex i and subject j, with (1) 
group and gender as categorical fixed-effects factor; and (2) age, and a total brain measure 
(i.e. mean CT, total SA, total CV respectively) as continuous covariates, so that  
Yi = β0 +β1 Groupj + β2 IQj + β3 Agej + β4 TotalBrainj + εi. 
Between-group differences were estimated from the fixed-effect coefficient β1 normalized by 
the corresponding standard error. Corrections for multiple comparisons across the whole 
brain were performed using random-field theory (RFT) based cluster-corrected analysis for 
non-isotropic images using a p<0.05 (2-tailed) cluster-significance threshold 155.  




Diffusion tensor imaging processing and tractography dissections  
ExploreDTI (http://www.exploredti.com) 214 was used to preprocess the diffusion data. 
Initially eddy current distortion and motion corrections were applied during preprocessing. 
The b-matrix was then reoriented to allow a more accurate estimation of the tensor 
orientations 214. The diffusion tensors were estimated using a non-linear least squares 
approach. Finally, maps based on Fractional Anisotropy (FA), Mean Diffusivity (MD), Axial 
Diffusivity (AD) and Radial Diffusivity (RD) were created.  
In addition, spherical deconvolution 215,216 was chosen to estimate multiple orientations in 
voxels containing different populations of crossing fibers 217. Spherical deconvolution was 
calculated applying the damped version of the Richardson-Lucy algorithm with a fiber 
response parameter α =1.5, 200 algorithm iterations and η=0.15 and ν=15 as threshold and 
geometrical regularization parameters 149. Fiber orientation estimates were then obtained by 
selecting the orientation corresponding to the peaks (local maxima) of the fibre orientation 
distribution (FOD) profiles. To exclude spurious local maxima, we applied both an absolute 
and a relative threshold on the FOD amplitude 148. A first “absolute” threshold corresponding 
to a Hindrance Modulated Orientational Anisotropy (HMOA) threshold of 0.015 was used to 
exclude intrinsically small local maxima due to noise or partial volume effects with isotropic 
tissue. This threshold was set to select only the major fiber orientation components and 
exclude low amplitude spurious FOD components obtained from a gray matter and cerebro-
spinal fluid isotropic voxels. A second “relative” threshold of 5% of the maximum amplitude 
of the FOD was applied to remove remaining unreliable local maxima with values greater 
than the absolute threshold but that they are still significantly smaller than the main fiber 
orientation 148.  
Whole brain tractography was performed selecting every brain voxel with at least one fiber 
orientation as a seed voxel. From these voxels, and for each fiber orientation, streamlines 




were propagated using a modified Euler integration with a step size of 1 mm. When entering 
a region with crossing white matter bundles, the algorithm followed the orientation vector of 
least curvature. Streamlines were halted when a voxel without fiber orientation was reached 
or when the curvature between two steps exceeded a threshold of 45°. All spherical 
deconvolution and tractography processing was performed using StarTrack, a freely available 
matlab software toolbox developed by Dr. Flavio Dell’Acqua at NatBrainLab, King’s 
College London, and based on methods previously described 148. 
Using TrackVis (www.trackvis.org), virtual dissections of the tracts of interest were 
performed in both the left and right hemisphere, were performed on each subject's FA map 
218. All dissections were performed in a systematic manner whilst the experimenter remained 
blind to the subject’s clinical status.  
The cingulum was identified as the major tract running in the proximity of those extra-motor 
areas whose cortical atrophy showed a significant correlation with cognitive performance and 
psychiatric symptoms rating 44,45. The cingulum is a medial associative bundle that runs 
within the cingulated and the parahippocampal gyri all around the corpus callosum. The 
cingulum contains fibres of different lengths, the longest running from the amygdala, uncus, 
and parahippocampal gyrus to sub-genual areas of the frontal lobe 84,219. From the medial 
temporal lobe, these fibres reach the occipital lobe and arch almost 180 degrees around the 
splenium to continue anteriorly within the white matter of the cingulate gyrus. The dorsal and 
anterior fibres of the cingulum follow the shape of the superior aspect of the corpus callosum. 
After curving around the genu of the corpus callosum, the fibre terminate in the subcallosal 
gyrus and the paraolfactory area. Shorter fibre connects adjacent areas of the medial frontal 
gyrus, paracentral lobule, precuneus, cuneus, cingulate, lingual and fusiform gyrus 220. The 
cingulum can be divided into an anterior-dorsal component of the cingulum, which 
constitutes most of the white matter of the cingulate gyrus, and a posterior-ventral component 




of the left and right cingulum, running within the parahippocampal gyrus and posterior 
precuneus 221-223. To dissect the cingulum a single region of interest is delineated on the 
fractional anisotropy map. Then, in order to split the cingulum into the anterior-dorsal and 
posterior-ventral components, a region of interest is defined on a coronal slice identifying the 
midline of the splenium of the corpus callosum 45.  
 
Statistical analysis 
Statistical analysis was performed using SPSS software package (version 21). Independent 
samples t-tests were used to test differences between MND patients and control in relation to 
the demographic data, neuropsychological scores and diffusion measurements. Multiple one-
way analysis of covariances (ANCOVAs) was done to test differences in neuropsychological 
tests between MND patients and controls using PPT, KDT, Modified token test as covariates. 
Shapiro-Wilk normality test was used to assess the normality of distribution of our variables. 
In the patient group, Pearson or Spearman rank bivariate correlation analysis were used to 
detect the strength of the correlation between parameter estimates of cortical volume, 
diffusion measurements and neuropsychological scores. The Pearson correlation coefficient 
was used when variables were normally distributed and Spearman rank correlation method 
when variables were not normally distributed. A Bonferroni correction was applied to correct 
for multiple comparisons (threshold at p ≤ 0.001). 
 
Role of the PhD student in this experimental study 
In this experimental study, my role involved participating in the overall research design, 
analysing the cortical morphometry using FreeSurfer and performing diffusion tensor 
imaging processing and tractography dissections. I was also responsible for the statistical 
analysis and preparation of the manuscript for publication.  






Twenty-four patients with MND and 21 age, education, and gender matched healthy controls 
were included in the study (Table 7). Shapiro-Wilk test indicated a normal distribution for all 
the measurements extracted from the neuropsychological tests collected in our MND cohort. 
One patient (0.04%) scored below the cutoff in at least 2 executive cognitive tests and was 
classified as MND with cognitive impairment. Table 8 illustrated the ANCOVA analysis to 
test differences in neuropsychological tests between MND patients and controls using PPT, 
KDT, Modified token test as covariates.  
Table 7. Distribution of characteristics of MND and healthy controls 
 Healthy controls 
(n=21) 









Age 49.47 (±  8.27) 53.11 (± 12.57) 0.258 
Male 17 (80.95%) 21 (87.50%) 0.556 
Education (years) 14.71 (± 4.82) 13.58 (± 3.93) 0.392 
IQ-WASI 118.04 (±  11.52) 114.33 (±  15.53) 0.364 
Limb/bulbar/limb+bulb
ar onset 
NA 22/2/0 - 
Disease duration 
(months) 
NA 24.66 (± 14.67)  - 
ALSFRS-R NA 40.60 (± 4.28) - 
sd: standard deviation 
WASI= Wechsler Abbreviated Scale of Intelligence. ALSFRS-R: Amyotrophic Lateral Sclerosis Functional 
Rating Scale Revised. NA= nor applicable 
 
Table 8. ANCOVA analysis between MND patients and healthy controls.  
Test Healthy controls 
(mean ± sd) 
MND 
(mean ± sd) 
 
p 
WCST total errors 48.20 ± 2.06 53.47 ± 2.43 0.206 
WCST perseverative 
responses 
50.62 ± 2.62 55.40 ± 3.21 0.312 
WCST non 
perseverative errors 
47.78 ± 1.92 52.46 ± 2.26 0.172 
WCST perseverative 
errors 
49.79 ± 2.68 53.27 ± 3.15 0.462 
Semantic fluency Index 4.11 ± 0.62 3.96 ± 0.67 0.883 
Phonemic fluency 
Index 
12.80 ± 1.30 10.68 ± 1.40 0.323 
HADS Anxiety 1.78 ± 0.50 1.98 ± 0.54 0.810 
HADS Depression 3.70 ± 0.70 2.89 ± 0.75 0.477 
 





Between-group differences in cortical volume and surface area 
Patients with MND had significantly reduced total gray matter volume (t(47) = -8.54, p < 
0.0001) and total surface area (t(47) = -7.45, p < 0.001) relative to controls but no differences 
in the mean cortical thickness. After covarying for total brain measures, compared with 
healthy controls, the MND group showed three regions of reduced cortical volume in the left 
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= 0.0078347) (Figure 14).  





















= 0.000331). There were no significant clusters of reduced 
cortical thickness.  





Figure 14.  Between-group differences in cortical volume in MND compared to controls.  
 
 
Correlations between measures of cortical volume and the Amyotrophic Sclerosis Functional 
Rating Scale Revised (ALSFRS-R) 
In the MND group, cortical volume of the left precentral gyrus positively correlated with the 
ALSFRS-R total score (Rho Spearman = 0.834, p < 0.001), ALSFRS-R climbing (Rho 
Spearman = 0.712, p < 0.001) and walking (Rho Spearman = 0.687, p < 0.001) items. In the 
right hemisphere, measures of cortical volume of the medial precentral gyrus were 
significantly correlated with the ALSFRS-R total score (Rho Spearman = 0.688, p < 0.001), 
ALSFRS-R climbing (Rho Spearman = 0.647, p = 0.001) and ALSFRS-R walking (Rho 
Spearman = 0.647, p = 0.001) items. Moreover, we found that cortical volume of right lateral 
precentral gyrus was positively correlated with the ALSFRS-R total score (Rho Spearman = 




0.578, p = 0.003), ALSFRS-R climbing (Rho Spearman = 0.537, p = 0.007) and walking 
(Rho Spearman = 0.486, p = 0.006) items even though these correlations with cortical 
volume in the right hemisphere did not survive Bonferroni corrections.  
 
Correlations between measures of cortical volume and neuropsychological assessment 
In the MND group, measures of cortical volume of the left mid-cingulate cortex were 
negatively correlated with HADS depression (Pearson = -0.801, p < 0.001) and anxiety 
scores (Pearson = -0.809, p < 0.001), WCST total errors (Pearson = -0.620, p = 0.001), 
WCST perseverative responses (Pearson = -0.620, p = 0.001), WCST perseverative errors 
(Pearson = -0.613, p = 0.001), and WCST non-perseverative errors (Pearson = -0.619, p = 
0.001). Cortical volume of the left parahippocampal gyrus was positively correlated with the 
PPT words (Pearson = 0.709, p < 0.001), the KDT words (Pearson = 0.713, p < 0.001), and 
the Modified Token Test Score (Pearson = 0.734, p < 0.001), and was negatively correlated 
with the Semantic fluency index (Pearson = -0.500, p < 0.001) (Figure 15).  
 





Figure 15. Correlations between measures of cortical volume of the left Mid-cingulate cortex and left 












Between-group differences in white matter tracts and correlations with neuropsychological 
and clinical scores 
In the left dorsal cingulum, MND patients showed significantly reduced number of 
streamlines (p = 0.003, t(47) = 3.180) and lower fractional anisotropy (p < 0.001, t(47) = 4.306) 
compared with controls. The axial (t(47) = -4.085; p < 0.001,) and perpendicular diffusivity 
(t(47) = -2.915; p = 0.005,) of the left dorsal cingulum were significantly increased when 
compared with healthy controls (Figure 16).  
In the right hemisphere, the dorsal component of the cingulum showed significantly reduced 
number of streamlines (p < 0.001, t(47) = 4.180) and lower fractional anisotropy (p = 0.002, 
t(47) = 3.306). The axial and perpendicular diffusivity were significantly increased when 
compared with healthy controls (respectively p < 0.001, t(47) = -4.085, and p = 0.005, t(47) = -
































Figure 16. Differences in tract-specific measurements of the Left Dorsal and Ventral Cingulum between control 





















Figure 17. Differences in tract-specific measurements of the Right Dorsal and Ventral Cingulum between 





In the MND group, diffusion measurements of the left and right dorsal cingulum were 
significantly correlated with Depression and Anxiety HADS scores. Significant correlations 
were also found between DTI measurements of the left and right dorsal cingulum and 
performance in terms of WCST total errors, WCST perseverative responses, WCST 












Figure 18. Correlations between fractional anisotropy of the left dorsal and ventral cingulum with 
Neuropsychological test scores. 




In the left ventral cingulum, patients with MND showed significantly reduced number of 
streamlines (p = 0.003, t(47) = 3.078), fractional anisotropy (p < 0.001, t(47) = 4.244), and 
higher axial (p = 0.005, t(47) = -2.234) and perpendicular diffusivity (p = 0.002, t(47) = -2.122) 
when compared with healthy controls (Figure 16). 
Abnormalities in the DTI measurements were also evident in the right ventral cingulum. 
Number of streamlines and fractional of the right ventral cingulum were significantly lower 
in the MND group when compared with healthy controls (respectively p < 0.001, t(47) = 
4.134; p = 0.003, t(47) = 3.236;). Moreover, axial and perpendicular diffusivity were 
significantly increased when compared with healthy controls (respectively p < 0.03, t(47) = -
1.865, and p = 0.004, t(47) = -2.932) (Figure 17). 
Diffusion measurements of the left ventral cingulum were significantly correlated with 
Semantic fluency index, PPT-words and KDT-words scores and with the Modified Token 
Test Score (Figure 18).  
 
Correlations between the Amyotrophic Sclerosis Functional Rating Scale Revised (ALSFRS-
R), linguist tests and neuropsychological tests. 
Table 9 showed correlations between the ALSFRS-R and neuropsychological tests in MND 
sample. As reported in the table there is no statistical significant correlation between the 
ALSFRS-R and the neuropsychological tests under investigation. 
 
Table 10 showed the Pearson correlations between linguist tests and neuropsychological tests 
in MND sample. As reported in the table there is no statistical significant correlation between 
the linguistic tests and the neuropsychological tests under investigation. 




Table 9. Correlations between Amyotrophic Lateral Sclerosis Functional Rating Scale Revised 












HADS Anxiety Pearson = -0.371 
p = 0.740 
Pyramid and Palm Trees 
Test words 
Pearson = 0.182 
p = 0.395 
HADS Depression Pearson = -0.125 
0.561 
Pyramid and Palm Trees 
Test pictures 
Pearson = -0.041 
p = 0.848 
FrSBe score  Kissing and Dancing Test 
words 
Pearson = 0.101 
p = 0.638 
FrsBe post-illness 
disinhibition score 
Pearson = 0.149 
p = 0.530 
Kissing and Dancing Test 
pictures 
Pearson = -0.239 
p = 0.262 
FrsBe post-illness 
apathy score 
Pearson = -0.277 
p = 0.237 
Modified Token Test 
score 
Pearson = 0.042 




Pearson = 0.061 
p = 0.804 
FrsBe post-illness total 
score 
Pearson = 0.026 
p = 0.916 
Executive functions  
WCST total errors Pearson = 0.399 
p = 0.900 
WCST perseverative 
responses 
Pearson = 0.186 
p = 0.461 
WCST non 
perseverative errors 
Pearson = 0.199 
p = 0.415 
WCST perseverative 
errors 
Pearson = 0.174 
p = 0.476 
Semantic fluency Index Pearson = -0.117 
p = 0.587 
Phonemic fluency Index Pearson = 0.056 






























HADS Anxiety -0.039 
p = 0.792 
0.265 
p = 0.066 
0.101 
p = 0.492 
0.257 
p = 0.075 
-0.012 
p = 0.933 
HADS Depression 0.073 
p = 0.619 
0.177 
p = 0.223 
0.017 
p = 0.907 
0.040 
p = 0.784 
0.097 
p = 0.511 
FrSBe score -0.098 
p = 0.543 
-0.239 
p = 0.132 
-0.036 
p = 0.824 
-0.022 
p = 0.890 
-0.254 




p = 0.587 
-0.208 
p = 0.187 
-0.037 
p = 0.818 
-0.004 
p = 0.981 
-0.132 




p = 0.658 
-0.193 
p = 0.430 
0.013 
p = 0.959 
0.179 
p = 0.464 
0.147 





p = 0.857 
-0.296 
p = 0.218 
0.020 
p = 0.935 
-0.005 
p = 0.984 
0.119 
p = 0.626 
FrsBe post-illness total 
score 
-0.025 
p = 0.920 
-0.312 
p = 0.193 
0.014 
p = 0.954 
0.039 
p = 0.872 
0.060 
p = 0.808 
WCST total errors -0.461 
p = 0.054 
-0.163 
p = 0.518 
0.318 
p = 0.198 
0.522 






p = 0.417 
0.308 
p = 0.229 
0.301 
p = 0.241 
 
0.212 
p = 0.414 
-0.019 




p = 0.358 
0.474 
p = 0.047 
0.309 
p = 0.212 
0.155 
p = 0.539 
0.138 




p = 0.168 
0.573 
p = 0.150 
0.316 
p = 0.202 
0.361 
p = 0.141 
0.238 




p = 0.457 
-0.105 
p = 0.635 
-0.043 
p = 0.846 
0.239 
p = 0.271 
-0.223 




p = 0.795 
-0.260 
p = 0.231 
-0.050 
p = 0.820 
-0.104 
p = 0.635 
-0.170 















This study reported evidence of cortical thinning of the left mid-cingulate cortex and left 
parahippocampal gyrus and abnormalities of the underlying white matter in MND patients 
regardless of the presence of pathological cognitive and behavioral dysfunctions.  
Abnormalities of the anatomy, metabolism and function of mid-cingulate cortex and 
parahippocampal gyrus in MND were previously documented using measures of cortical 
thickness 199, voxel-based morphometry 224, MR spectroscopy 225 and resting-state functional 
MRI connectivity 226. Previous studies attributed multiple functions to the mid-cingulate 
cortex 227-230. The mid-cingulate cortex receives afferents from orbitofrontal cortex and 
amygdala 45,84,227,231, which in turn are involved in processing negative emotion states 232. In 
addition nociceptive input from the thalamus activates the mid-cingulate cortex and this 
induces fear and anxiety related to aversive stimuli that trigger avoidance responses 233. 
Hence, the mid-cingulate cortex is considered as the region where converging information 
related to negative emotion states and nociception is elaborated to produce the most 
appropriate response between reward/approach and fear/avoidance 230. Degeneration of mid-
cingulate cortex could therefore explain abnormal reaction to emotional distress, altered fear 
activation and distorted punishment/reward processing that may predispose to clinically 
significant depression and anxiety. Moreover, the mid-cingulate cortex plays a central role in 
cognitive tasks related to attention for action 234 through its widespread connections to the 
dorsolateral prefrontal cortex and other cortical and subcortical regions. It is part of the 
fronto-parietal network for the selection of where and to what to allocate attention and 
maintenance of goals. The degree of hypoperfusion in the mid-cingulate cortex has been 
shown to correlate with the Stroop test, WCST categories and with behavioural deficits in 
frontotemporal dementia and progressive supranuclear palsy 235,236. These imaging 
abnormalities in the mid-cingulate cortex have also been reported in familiar frontotemporal 




dementia even before symptom onset 237.  
The parahippocampal gyrus has been ascribed many functions such as episodic memory, 
source memory, recollection and visuospatial processing 238. Beyond these functions, the 
parahippocampal gyrus is involved in language comprehension 239 underpinning processes of 
semantic integration 240. This region plays a central role in object memory and recognition by 
collecting various inputs of an object from multiple sensory areas in order to constitute a real 
representation. The cortical areas that form the parahippocampal gyrus are susceptible to 
pathological and imaging abnormalities in several progressive neurodegenerative disease 
241,242. In Semantic Dementia, which is characterized by impairment of knowledge 
surrounding word and object identity 90, the severity of semantic deficits has been correlated 
with loss of integrity of the left anterior temporal lobe and parahippocampal cortex 243.  
Our study also showed the involvement of a non-motor white matter tract, the cingulum, in 
MND 244,245. In particular, the cingulum was analysed separately in its two components: the 
dorsal cingulum running within the cingulate gyrus and the ventral cingulum running within 
the parahippocampal gyrus. Previous studied reported that the dorsal cingulum is involved in 
emotion processing and attention while the ventral cingulum participates in semantic 
knowledge and memory 221-223. These findings support a recent proposal for an anatomical 
and functional division of the limbic system into three distinct but interconnected networks 
84. 
In this study, it was found that reduced cortical volume to the left mid-cingulate cortex and 
damage to the underlying anterior-dorsal component of the cingulum were associated with 
anxiety, depression and performance on executive function tests. Furthermore, this study 
showed that damage to the left parahippocampal gyrus and underlying posterior-ventral 
component of the cingulum was significantly correlated with semantic performance. Overall, 
in the individual measures of psychiatric symptoms, executive and non-executive tests most 




of the MND patients do not show pathological performances. Importantly, only one patient 
with MND had a mild cognitive impairment according to current consensus criteria while 
some other patients only showed executive or non-executive deficits. This is not the first 
study in literature that investigated the anatomical abnormalities and their relationship with 
cognitive performance in non-demented MND patients. Mioshi E. et al reported a similar 
pattern of grey matter atrophy in extra-motor regions of the temporal and parietal lobe 
between patients with MND and cognitive decline and patients with MND without cognitive 
decline 224. However, atrophy was much more marked in the MND group with cognitive 
decline. Sarro L. et al investigated the relationship between DTI tractography imaging 
metrics of the corpus callosum, cingulum and uncinate fasciculus and cognitive and 
behavioral functions in 16 non-demented patients with MND 207. Among these, only two of 
them had a mild executive impairment and 11 out of 16 scored below the fifth percentile in at 
least one cognitive test. Interestingly, they found that in the MND group the severity of white 
matter tract degeneration of the long association tracts was associated with 
neuropsychological performance. This could give further support to this hypothesis that even 
though our MND sample does not show evidence of marked pathological cognitive deficits 
and psychiatric symptoms, the anatomical differences identified in MND patients could 
indicate a vulnerability to subsequent development of executive and non-executive deficits 
and psychiatric symptoms. Future longitudinal studies are necessary to understand the 
predictive value of the in vivo cortical measures and the link between anatomical 
abnormalities and neuropsychiatric symptoms.  
 
This study is not without limitations. First, the effect of motor impairment on cognitive 
performance in MND is not well established in the literature 246-249. In this study, patients 
with severe dysarthria, respiratory insufficiency and insufficiently intelligible speech were 




not included. The final cohort included patients with mild motor disability (mean ALSFRS-R 
was 40.60). The ANCOVA analysis showed (Table 8) that there were no statistical 
significant differences in terms of neuropsychological test performances between MND 
patients and controls even when PPT, KDT, Modified token test are used as covariates. 
Indeed, Table 9 shows no statistically significant correlations between ALSFRS-R score and 
neuropsychological performance and Table 10 shows no statistically significant correlations 
between KDT scores and other cognitive performance and between language performance in 
general and other cognitive tests. Second, correlations between neuroimaging measurements 
and neuropsychological scores may have been driven by a binomial distribution of the MND 
group. Indeed, Figures 16 and 19 show a group of 7 patients with significant impaired 
performance on the WSCT while the rest of participants had performance within the normal 
range. However, a Shapiro-Wilk test indicated a normal distribution for all the measurements 
extracted from the neuropsychological tests collected in our MND cohort. We are therefore 
confident that our results demonstrate a direct link between executive performance and 
anatomical measurements of cortical and white matter anatomy that is not mediated by the 
motor and language deficits. The lack of correlation between impairment in motor and 
language performance and scores in depression/anxiety tests suggests a similar conclusion 
can be drawn for these clinical scores. Finally, we were unable to verify the underlying 
pathology and severity of the anatomical changes in all our patients. Neuroimaging methods 
employed in this study offer only an indirect measurement of cortical and white matter 
integrity and often several factors may affect the sensitivity and specificity of these 
approaches 250.  
 
In conclusion, our findings suggest that neuronal damage to specific limbic regions is 
associated with emotional processing and cognitive performances in MND. These findings 




are in line with previous studies that attributed multiple roles in cognition and behaviour to 
the mid-cingulate cortex and parahippocampal gyrus. MRI assessment of cortical damage and 
underlying white matter anatomy could have clinical applications for early detection of 








Chapter 6 Experimental Study 2: Fronto-temporal 
networks and behavioural symptoms in primary 
progressive aphasia. 
6.1 Introduction  
Patients with Primary Progressive Aphasia (PPA) show a gradual decline in the language 
functioning with a relative sparing of other cognitive domains 88. However, as the disease 
progresses, patients with PPA are at high risk of developing other problems. For instance, in 
the first report of PPA, four out of six patients were described as displaying additional 
symptoms of ‘distress’, ‘sadness and reactive depression’ after the onset of the language 
deficits 88. A more recent prevalence study conducted in 55 patients with PPA indicates that 
apathy and depression are very common in almost half of the patients, followed by changes 
in eating, aberrant motor behaviour, night-time behaviour, agitation, disinhibition and 
irritability, which are observed in about one fifth of the patients 251. These behavioural 
symptoms further aggravate their autonomy in the activities of daily living 252. 
The prevalence and severity of behavioural symptoms in PPA change over time. Banks and 
Weintraub (2008) showed that patients with PPA of short illness duration (<5 years) had 
higher prevalence of mood-related symptoms compared to PPA patients with longer duration 
253. The latter group showed a higher prevalence of symptoms typical of the behavioural 
variant of fronto-temporal dementia (bvFTD) 253. In advanced stages of the disease the 
overlap between the PPA and bvFTD is significant: approximately 75% of patients with PPA 
develop severe behavioural problems whereas 65% of patients with bvFTD manifest clear 
language impairment 254. This overlap of the two forms supports the contention that these 






diseases belong to a common family of focal degenerations and that the individual clinical 
syndromes reflect the differential anatomy of the disease onset and progression trajectory 255. 
This is particularly true for patients with the semantic variant of PPA who are at higher risk 
of developing behavioural symptoms compared with the other variants and in which the 
anatomical hallmark is represented by a marked atrophy of the anterior temporal lobes 256. 
Rohrer and Warren 257 found that in addition to anterior temporal lobe atrophy, the most 
significant anatomical cortical changes in PPA patients with behavioural symptoms occur in 
the orbitofrontal cortex. Moreover, these authors reported that atrophy of the orbitofrontal 
cortex correlated mainly with anxiety, apathy, irritability and abnormal eating behaviour, 
whereas damage to the anterior temporal lobe correlated predominantly with disinhibition.  
The anterior temporal and orbitofrontal regions are directly linked by the uncinate fasciculus, 
a major associative tract already reported as significantly damaged in PPA 67,258. While the 
association between degeneration of the uncinate fasciculus and semantic deficits is well 
documented, the role of the uncinate fasciculus in behavioural symptoms associated with 
PPA is not known.  
The aim of this study was to determine the anatomical abnormalities underlying behavioural 
symptoms in relatively early PPA patients. Diffusion tensor imaging tractography was used 
to assess the microstructural organization of the major association tracts connecting to the 
orbitofrontal cortex and/or anterior temporal lobe. It was also measured the cortical thickness 
of the orbitofrontal cortex and anterior temporal lobe to determine whether white matter 
degeneration correlates with the degree of cortical atrophy. The first hypothesis was that 
severity of behavioural symptoms in PPA is associated with damage to the network that 
directly connects orbitofrontal cortex and anterior temporal lobe, namely the uncinate 
fasciculus. Furthermore, based on previous studies a direct correlation between atrophy of 
these brain cortices and severity of behavioural symptoms can be hypothesized. Finally, a 






direct correlation between cortical atrophy of the orbitofrontal cortex and anterior temporal 
lobe and white matter integrity of the uncinate fasciculus is expected.  
 
6.2 Material and methods 
Participants and Clinical Assessment 
Thirty-three patients with PPA and twenty-six healthy controls matched for age, gender and 
handedness, were recruited through the Primary Progressive Aphasia Program at the 
Cognitive Neurology and Alzheimer’s Disease Centre, Northwestern University Feinberg 
School of Medicine. 
An experienced clinician (Prof. Marsel Mesulam) made the diagnosis of PPA. According to 
the current criteria, establishing a clinical diagnosis of PPA involves a 2-step process as 
described in Gorno-Tempini et al. (2011)90. Patients should first meet basic PPA criteria 
based on Mesulam’s initial and current guidelines (Mesulam 2001)86. A PPA clinical 
diagnosis requires a progressive, isolated deterioration of speech and/or language functions 
during the initial phase of the disease. Exclusion criteria include specific cause of aphasia 
such as stroke or tumor. Behavioral disturbances should not be the main cause of functional 
impairment. Once a PPA diagnosis is established, the clinical classification of PPA patients 
into one of the variants described in Gorno-Tempini’s et al. (2011) occurs on the basis of the 
speech and language features that are characteristic of a specific variant 90. Behavioural 
symptoms were assessed using the Frontal Behavioural Inventory (FBI). The Frontal 
Behavioural Inventory (FBI) was originally developed and standardized with the purpose of 
differentiate the behavioural variant of Frontotemporal Dementia (bvFTD) from other 
dementias and to quantify the severity of behavioural symptoms 259. The FBI is based on the 
evaluation of the patient’s caregiver that for each item scores the severity of symptoms in a 
scale between 0 and 3 (0 = never, 1 = mild or occasional, 2 = moderate, 3 = severe or very 






frequent). The FBI is composed of 24 items divided into twelve items for negative behaviour 
symptoms (FBI negative symptoms score) and twelve for positive symptoms (FBI positive 
symptoms score). The FBI negative symptoms score contains three items that evaluate 
behavioural symptoms in relation to language impairment (item 9 logopenia; item 10, aphasia 
and verbal apraxia; item 11, comprehension and semantic deficits). An operational definition 
of FTD included a minimum FBI score of 27.  
To effectively evaluate the behavioural symptoms in the PPA patients, we subtracted these 
three language-related items from the FBI negative symptoms score and the FBI total scores. 
All statistical analyses were therefore performed using corrected scores for the total FBI and 
negative FBI.  
 
Magnetic resonance image acquisition, diffusion tensor imaging and data processing 
Magnetic resonance imaging (MRI) acquisitions were carried out on a 3T Siemens Trio MRI 
system at the Centre for Translational Imaging, Northwestern University of Chicago. T1-
weighted MPRAGE sequences were acquired with the following parameters: repetition time 
2300 ms; echo time 2.86 ms; flip angle, 9; field of view, 256 mm; 60 slices; slice thickness 
1.0mm. FreeSurfer image analysis suite (version 4.5.0) (http://surfer. nmr.mgh.harvard.edu/) 
was used to measure cortical thickness on T1-weighted MPRAGE images. Cortical thickness 
estimates were calculated by measuring the distance between representations of the white–
grey and pial–CSF boundaries across each point of the cortical surface 260. Statistical surface 
maps were generated using a general linear model that displayed differences in cortical 
thickness between PPA patients and healthy controls for each vertex along surface 
representations of the entire neocortex using an FDR of 0.001 67,261.  
For the tractography analysis a total of 72 contiguous near-axial slices were acquired, using 
an acquisition sequence fully optimized for diffusion imaging, providing isotropic (2 x 2 x 2 






mm) resolution and whole head coverage. Sixty diffusion-weighted images (b-value of 
1000s/mm2) were acquired together with eight images with no diffusion gradient applied. 
DTI processing was performed using Explore DTI (http://www.exploredti.com). Subject 
motion and geometrical distortions were corrected simultaneously with reorientation of the b-
matrix. Remaining outliers due to subject motion and cardiac pulsation were excluded using 
the RESTORE function 262. The tensor model was fitted to the data using a non-linear least 
square fitting procedure. DTI scalar maps, including fractional anisotropy and radial 
diffusivity were calculated and exported. Whole brain tractography was performed using a b-
spline interpolated streamline algorithm (step size 0.5mm; fractional an- isotropy threshold 
0.15; angle threshold 35). The whole brain tractography was imported in TrackVis 
(http://www.trackvis.org) using software written in Matlab 2009b (http://www.matworks. 
com) 263. 
 
Virtual dissections and tract-specific measurements 
TrackVis was used to perform the virtual in vivo dissection of the three tracts of interest 
according to previously published methods 44,45,67,68,82,264. Tractography dissections were 
obtained using manually defined regions of interest on the axial, coronal, and sagittal 
fractional anisotropy images. The following tracts were dissected.  
The uncinate fasciculus originates from the temporal pole, uncus, parahippocampal gyrus, 
and amygdala, then after a U-turn, enter the floor of the external/extreme capsule. Between 
the insula and the putamen, the uncinate fasciculus runs inferior to the inferior fronto-
occipital fasciculus before entering the orbital region of the frontal lobe. Here, the uncinate 
splits into a ventro-lateral branch, which terminates in the anterior insula and lateral 
orbitofrontal cortex, and an antero-medial branch that continues towards the olfactory cortex, 
the medial orbitofrontal cortex and the frontal pole. To dissect the uncinate fasciculus, a 






temporal region of interest was defined around the white matter of the anterior temporal lobe 
and a second region of interest was defined around the white matter of the anterior floor of 
the external/extreme capsule 44,219. 
The inferior fronto-occipital fasciculus originates from the inferior and medial surface of the 
occipital lobe. As it leaves the temporal lobe, the inferior fronto-occipital fasciculus narrows 
in section and its fibres gather together at the level of the extreme/external capsule just above 
the uncinate fasciculus. In the frontal lobe its fibres spread to form a thin sheet curving 
dorsolaterally to terminate mainly in the inferior frontal gyrus. The most ventral fibres 
continue anteriorly and terminate in the medial fronto-orbital region and frontal pole 219. To 
dissect the inferior fronto-occipital fasciculus a first region of interest was delineated around 
the white matter of the occipital lobe and a second region of interest was delineated around 
the white matter the external/extreme capsule 44. 
Finally, the inferior longitudinal fasciculus is a ventral associative bundle connecting the 
occipital and temporal lobes. To dissect the inferior longitudinal fasciculus the first region of 
interest was defined around the white matter of the anterior temporal lobe and the second 
region of interest around the white matter of the occipital lobe 44.  
For each tract of interest, number of streamlines, fractional anisotropy, mean diffusivity, axial 
and perpendicular diffusivity were extracted as indices of microstructural composition and 
architecture of the brain tissue. The number of streamlines was considered a surrogate of tract 
volume and atrophy. In dementia syndromes the number of streamlines is reduced in 
association with the severity of the pathology and clinical symptoms 265.  
Fractional anisotropy is a quantitative index of the degree of anisotropy of the biological 
tissue and of microstructural integrity. Fractional anisotropy gives information about the 
organization of the tissue and the microarchitecture of the fibres. In normal brain it varies 
from 0.1 (e.g. in the grey matter) to 0.8 or higher in the white matter. In pathological tissue 






(e.g. demyelination, oedema, degeneration etc.) fractional anisotropy reduces 144. 
Perpendicular and radial diffusivity correspond to the the diffusivity along the principal 
directions of the diffusion tensor. Perpendicular diffusivity is generally considered a sensitive 
measure for axonal/myelin damage, although interpretation of their changes in regions with 
crossing fibres is not always straightforward 144. The dissector (L.D.), blind to the results of 
the cortical atrophy analysis and to the identity of the individual data sets, was trained by an 
expert tractographer (M.C.) on 10 practice data sets and dissections for this study began only 
when high reliability was achieved.  
 
Statistical analysis 
All statistical analyses were performed using SPSS software package (version 21). 
Independent samples t-test were run to examine group differences in number of streamlines, 
fractional anisotropy, axial and radial diffusivity of the different tracts of interest. One-way 
ANOVA for independent samples was used to investigate differences among controls and all 
PPA subtypes except the mixed variant that included only 2 patients. Bonferroni correction 
was applied to correct for multiple comparisons. All p values are provided uncorrected. 
Spearman bivariate correlation analysis was used to detect the strength of the correlations 
between tract specific measurements and severity of behavioural symptoms. 
 
Role of the PhD student in this experimental study 
In this experimental study, my role involved study design, cortical surface morphometry 
using FreeSurfer, diffusion tensor imaging processing and tractography dissections. I was 






also responsible for the statistical analysis and writing up of the manuscript which has been 
published in Neurology in 2016 as a full article.  
 
6.3 Results 
Demographic, clinical and behavioural features of our sample are reported in Table 11 and 
Table 12. Among the PPA patients, eight received a descriptive diagnosis of logopenic 
variant (PPA-L), eight of non-fluent/agrammatic variant (PPA-G), seven of semantic (PPA-
S), two of mixed variant and eight of unclassified/severe variant.  
The PPA-S group were younger compared to the other variants and had higher prevalence of 
behavioural symptoms as reported in the FBI total scores and FBI positive symptoms scores. 
Neither PPA variants scored above the minimum operational score to define FTD.  
Table 11.  Demographic, clinical data and behavioural features of PPA and healthy controls. 
FBI = Frontal Behavioural Inventory; EHI = Edinburgh Handedness Inventory. Group comparisons were by t-





 Patients with PPA  
(n= 33)  
 
(N or mean ± sd) 
Healthy controls  
(n= 26)  
 
(N or mean ± sd) 
 
Group comparisons 
Age, years 64.88 (±6.60) 62.61 (±8.19) p=0.282 
Duration of illness, years 3.63 (±1.80) - - 
Sex, n     
Male 13 14  
Female 20 12 p=0.269 
Handedness (EHI score) 97.12 (±7.70) 93.65 (±9.85) p=0.135 
FBI negative score 6.39 (±5.53) - - 
FBI positive score  3.93 (±5.15) - - 
FBI total score 10.51 (±9.63) - - 











(mean ± sd) 
PPA-G (n=8) 
(mean ± sd) 
PPA-S (n=7) 
(mean ± sd) 
PPA mixed 
(n=2) 




(mean ± sd) 
Age, years 66.13 (±6.98) 65.13 (±5.64) 57.14 (±3.71)* 68.50 (±10.60) 69.25 (±10.53) 
Duration of 
illness, years 
3.36 (±2.17) 3.61 (±1.19) 3.47 (±1.25) 5.75 (±6.01) 3.56 (±0.86) 
FBI negative 
score 
4.00 (±3.74) 4.93 (±5.17) 10.79 (±6.05) 6.00 (±8.48) 6.50 (±5.42) 
FBI positive 
score 
1.25 (±1.38) 2.50 (±4.10) 9.71 (±6.67)* 6.50 (±7.77) 2.37 (±2.61) 
FBI total score 6.00 (±3.66) 7.43 (±8.68) 20.50 (±11.75)* 12.50 (±16.26) 8.87 (±6.40) 
 
Table 12. Demographic, clinical and behavioural features of the PPA variants. 
FBI = Frontal Behavioural Inventory; Statistically different versus other variants (p < 0.05). PPA-L = logopenic 
variant; PPA-G = nonfluent/agrammatic variant; PPA-S = semantic dementia; PPA mixed = mixed or 
unclassified/severe; PPA unclassified = unclassified variant. 
White matter connections analysis 
The left uncinate fasciculus of PPA patients showed a significantly reduced number of 
streamlines (p < 0.001, t(54) value = 7.942), lower fractional anisotropy (p < 0.001, t(54) = 
3.253) and a significant increase in axial (p < 0.001, t(54) = -2.849) and perpendicular 
diffusivity (p = 0.020, t(54)  = -2.264) compared with healthy controls.  
The number of streamlines was significantly reduced also in the right uncinate fasciculus of 
PPA patients when compared with healthy controls (p < 0.001, t(54) = 5.193) (Figure 19). 
ANOVA between PPA subtypes and controls showed statistically significant differences 
between groups in the number of streamlines (F = 4.933; p = 0.001), axial diffusivity (F = 
5.038; p < 0.001) perpendicular diffusivity (F = 7.902; p < 0.001) and medial diffusivity (F = 
7.243; p < 0.001). Abnormalities in the left uncinate fasciculus were particularly evident for 
the semantic subtype (Figure 20).  







Figure 19.  Differences in tract-specific measurements.  
Differences in tract-specific measurements of the uncinate fasciculus (UF), inferior fronto-occipital fasciculus 
(IFOF) and inferior longitudinal fasciculus (ILF) between controls and patients with primary progressive 
aphasia (PPA). Measurements of the number of streamlines, fractional anisotropy, axial diffusivity and 
perpendicular diffusivity are reported for the tracts of interest. Statistically significant differences between 
controls and patients within each tract are indicated with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; 
Bonferroni threshold for significance = 0.0016). 
 







Figure 20.  Differences in tract-specific measurements of the uncinate fasciculus among the different PPA 
variants. Statistically significant differences between controls and patients are indicated with asterisks (*p < 
0.05; **p < 0.01; ***p < 0.001.  
 
In the left uncinate fasciculus, the number of streamlines and fractional anisotropy were 
inversely correlated with total FBI scores (Spearman = -0.549, p = 0.001 and Spearman = -
0.490, p < 0.001, respectively) and with both positive (Spearman = -0.530, p = 0.001 and 
Spearman = -0.500, p < 0.001, respectively) and negative FBI scores (Spearman = -0.460, p < 
0.001 and Spearman = -0.450, p < 0.001, respectively), whereas axial and perpendicular 
diffusivity correlated directly with total FBI scores (Spearman = 0.450, p < 0.001 and 
Spearman = 0.540, p < 0.001, respectively) and with both positive (Spearman = 0.400, p < 
0.001 and Spearman = 0.600, p < 0.001, respectively) and negative FBI scores (Spearman = 
0.575, p < 0.001 and Spearman = 0.540, p < 0.001, respectively). These correlations indicate 
that behavioural symptoms are associated with poorer white matter integrity (Table 13) 






(Figure 21). In the right uncinate fasciculus axial diffusivity was correlated with negative 
(Spearman = 0.443, p = 0.005), positive (Spearman = 0.432, p = 0.005) and total FBI scores 
(Spearman = 0.421, p = 0.001); perpendicular diffusivity was correlated with FBI negative, 
positive and total scores (Spearman = 0.497, p < 0.001; Spearman = 0.576, p < 0.001; 
Spearman = 0.580, p < 0.001) (Table 5.3). ANOVA between PPA subtypes and controls 
showed statistically significant differences in the number of streamlines (F = 4.840; p = 
0.003) and axial diffusivity (F = 3.943; p < 0.04), which were particularly evident for the 
semantic subtype (Figure 21).  
Table 13. Correlations between tract-specific measurements of the tracts of interest and neuropsychiatric 
assessments in PPA patients.  
 
Tract 
DTI FBI negative scores FBI positive scores FBI total scores 
Left UF N streamlines Rho Spearman = -
0.460 
p < 0.001 
Rho Spearman = -
0.530 
p = 0.001 
Rho Spearman = -
0.549 
p = 0.001 
 Fractional 
anisotropy 
Rho Spearman = -
0.450 
p < 0.001 
Rho Spearman = -
0.500 
p < 0.001 
Rho Spearman = -
0.490 
p < 0.001 
 Axial diffusivity Rho Spearman = 0.575 
p < 0.001 
Rho Spearman = 0.400 
p < 0.001 
Rho Spearman = 0.450 
p < 0.001 
 Perpendicular 
diffusivity 
Rho Spearman = 0.540 
p < 0.001 
Rho Spearman = 0.600 
p < 0.001 
Rho Spearman = 0.540 
p < 0.001 
 
Right UF N streamlines Rho Spearman = 0.120 
p = 0.045 
Rho Spearman = -
0.038 
p = 0.915 
 
Rho Spearman = 0.071 
p = 0.852 
 Fractional 
anisotropy 
Rho Spearman = -
0.120 
p = 0.321 
Rho Spearman = -
0.231 
p = 0.609 
Rho Spearman = -
0.321 
p = 0.432 






 Axial diffusivity Rho Spearman = 0.443 
p = 0.005 
 
Rho Spearman = 0.432 
p = 0.005 
Rho Spearman = 0.421 




Rho Spearman = 0.497 
p < 0.001 
Rho Spearman = 0.576 
p < 0.001 
Rho Spearman = 0.580 
p < 0.001 
Left IFOF N streamlines Rho Spearman = 0.111 
p = 0.787 
Rho Spearman = 0.243 
p = 0.154 
Rho Spearman = 0.221 
p = 0.432 
 Fractional 
anisotropy 
Rho Spearman = -
0.332 
p = 0.143 
Rho Spearman  = -
0.076 
p = 0.667 
Rho Spearman = -
0.259 
p = 0.780 
 Axial diffusivity Rho Spearman = 0.456 
p = 0.235 
Rho Spearman = -
0.045 
p = 0.987 
Rho Spearman = 0.234 
p = 0.567 
 Perpendicular 
diffusivity 
Rho Spearman = 0.768 
p = 0.078 
Rho Spearman  = 
0.346 
p = 0.890 
Rho Spearman  = 
0.789 
p = 0.567 
Right IFOF N streamlines Rho Spearman  = 
0.678 
p = 0.908 
Rho Spearman  = 
0.531 
p = 0.543 
Rho Spearman  = 
0.721 
p = 0.772 
 Fractional 
anisotropy 
Rho Spearman = -
0.523 
p = 0.852 
Rho Spearman = -
0.863 
p = 0.642 
Rho Spearman = -
0.074 
p = 0.732 
 Axial diffusivity Rho Spearman = 0.532 
p = 0.345 
Rho Spearman  = 
0.563 
p = 0.563 
Rho Spearman = 0.341 
p = 0.145 
 Perpendicular 
diffusivity 
Rho Spearman = 0.342 
p = 0.126 
Rho Spearman = 0.231 
p = 0.453 
Rho Spearman = 0.171 
p = 0.876 
Left ILF N streamlines Rho Spearman = 0.753 
p = 0.654 
Rho Spearman = 0.165 
p = 0.456 
Rho Spearman = 0.176 






Rho Spearman = -
0.564 
p = 0.900 
Rho Spearman = 0.453 
p = 0.653 
 
Rho Spearman = -
0.078 
p = 0.564 
 Axial diffusivity Rho Spearman = 0.546 
p = 0.098 
Rho Spearman = 0.075 
p = 0.908 
Rho Spearman = 0.234 
p = 0.567 
 Perpendicular 
diffusivity 
Rho Spearman = 0.456 
p = 0.455 
Rho Spearman = -
0.567 
p = 0.564 
Rho Spearman = 0.456 
p = 0.456 






UF = Uncinate Fasciculus; IFOF = Inferior Fronto-Occipital Fasciculus; ILF = Inferior Longitudinal Fasciculus; 
FBI = Frontal Behavioural Inventory. N streamlines = Number of streamline 
 
 
Figure 21. Correlations between left uncinate diffusion measurements and FBI scores.  
Right ILF N streamlines Rho Spearman = 0.056 
p = 0.456 
Rho Spearman = 0.123 
p = 0.389 
Rho Spearman = 0.245 
p = 0.489 
 Fractional 
anisotropy 
Rho Spearman = -
0.345 
p = 0.134 
Rho Spearman = -
0.089 
p = 0.789 
Rho Spearman = -
0.453 
p = 0.378 
 Axial diffusivity Rho Spearman = 0.345 
p = 0.231 
Rho Spearman = 0.245 
p = 0.456 
Rho Spearman = 0.345 
p = 0.567 
 Perpendicular 
diffusivity 
Rho Spearman = 0.456 
p = 0.078 
Rho Spearman = 0.678 
p = 0.890 
Rho Spearman = 0.356 
p = 0.145 






In the left inferior fronto-occipital fasciculus, the patients with PPA showed significantly 
fewer streamlines (p = 0.036, t(54) = 2.256) and higher perpendicular diffusivity (p = 0.028, 
t(54) = -2.145) when compared with healthy controls. No statistically significant differences 
were found for this tract in the right hemisphere (Figure 19). ANOVA between PPA subtypes 
and controls did not show statistically significant differences between groups in terms of DTI 
measurements (Figure 22). No statistically significant correlations between any of the 
tractography measurements of the inferior fronto-occipital fasciculus and the scores of the 
FBI were found (Table 13).  
 
In the inferior longitudinal fasciculus, PPA patients showed a statistically significant increase 
of axial diffusivity in both sides (left: p = 0.002, t(54) = -3.342; right: p = 0.030, t(54) = -2.223) 
and perpendicular diffusivity in the left side (p = 0.020, t(54) = -2.396) (Figure 19). ANOVA 
between PPA subtypes and controls did not show statistically significant differences between 
groups in terms of DTI measurements (Figure 23). No significant correlations were found 
between diffusivity measurements of the inferior longitudinal fasciculus and scores on the 


















Figure 22.  Differences in tract-specific measurements of the inferior fronto-occipital fasciculus among the 
different PPA variants. 
Statistically significant differences between controls and patients are indicated with asterisks (*p < 0.05; **p < 


















Figure 23.  Differences in tract-specific measurements of the inferior longitudinal fasciculus among the 
different PPA variants. 
Statistically significant differences between controls and patients are indicated with asterisks (*p < 0.05; **p < 
0.01; ***p < 0.001. 
 
 
Cortical Thickness analysis 
A whole brain analysis showed significant cortical atrophy of the left temporal-parietal and 
frontal regions in the PPA compared with controls (Figure 24). A region of interest approach 
confirmed that compared with healthy controls, PPA patients showed significant atrophy in 
the left (p < 0.001, t(57) = 4.367) and right (p = 0.014, t(57) = 2.537) orbitofrontal cortex and in 
the left (p = 0.001, t(57) = 3.391) and right (p = 0.004, t(57) = 2.996) anterior temporal lobe. 
Cortical thickness of the regions of interest in the left orbitofrontal and anterior temporal 
cortex were inversely correlated with negative scores (Spearman = -0.460, p = 0.001 and 






Spearman = -0.521, p = 0.001, respectively), positive scores (Spearman = -0.523, p = 0.001 
and Spearman = -0.590, p < 0.001, respectively), and total scores in the FBI (Spearman = -
0.534, p = 0.001 and Spearman = -0.580, p < 0.001, respectively) (Figure 24). Correlations 
between the right anterior temporal lobe and the scores on the FBI were less significant 
(Table 14). 
 
In addition, cortical thickness measurements of both AT and OFC cortex were directly 
correlated with fractional anisotropy (Spearman = 0.488, p = 0.003 and Spearman = 0.524, p 
= 0.001, respectively), and inversely correlated with axial diffusivity (Spearman = -0.570, p = 
0.001 and Spearman = -0.378, p = 0.007, respectively) and perpendicular (Spearman = -
0.580, p = 0.001 and Spearman = -0.513, p = 0.002, respectively) (Table 15). Similar 
correlations were found for the right uncinate fasciculus (Table 16). No correlations were 
found between cortical thickness measurements and DTI measurements of the inferior fronto-












Figure 24. Correlations between cortical thickness and FBI scores.  
Correlations between left orbito-frontal cortex (OFC) and anterior temporal lobe (AT) and Frontal Battery 





























Table 14. Correlations between cortical thickness analysis of the orbitofrontal and anterior temporal lobe 














FBI = Frontal Behavioural Inventory; OFC = orbitofrontal cortex; ATL= anterior temporal lobe cortex.  
 
 
Table 15. Correlations between cortical thickness analysis of the left orbitofrontal and left anterior temporal 
lobe cortices and tract-specific measurements of the tracts of interest in the left hemisphere.  
OFC = orbitofrontal cortex; ATL= anterior temporal lobe cortex. N streamlines = Number of streamlines 
Region FBI negative scores FBI positive scores FBI total scores 
Left OFC Rho Spearman = -
0.460 
p = 0.001 
Rho Spearman = -
0.523 
p = 0.001 
Rho Spearman = -
0.534 
p = 0.001 
Right OFC Rho Spearman = -
0.323 
p = 0.099 
Rho Spearman = -
0.467 
p = 0.004 
Rho Spearman = -
0.379 
p = 0.015 
Left ATL Rho Spearman = -
0.521 
p = 0.001 
Rho Spearman = -
0.590 
p < 0.001 
Rho Spearman = -
0.580 
p < 0.001 
Right ATL  Rho Spearman = -
0.332 
p = 0.049 
Rho Spearman = -
0.499 
p = 0.004 
Rho Spearman = -
0.467 
p = 0.010 
  Left OFC Left ATL 
Left Uncinate fasciculus N streamlines Rho Spearman = 0.324 
p = 0.125 
Rho Spearman = 0.567 
p = 0.004 
 Fractional anisotropy Rho Spearman = 0.524 
p = 0.001 
Rho Spearman = 0.488 
p = 0.003 
 Axial diffusivity Rho Spearman = -0.378 
p = 0.007 
Rho Spearman = -0.570 
p = 0.001 
 Perpendicular diffusivity Rho Spearman = -0.513 
p = 0.002 
Rho Spearman = -0.580 
p = 0.001 
Left Inferior 
frontooccipital fasciculus 
N streamlines Rho Spearman = 0.008 
p = 0.689 
Rho Spearman = 0.089 
p = 0.956 
 Fractional anisotropy Rho Spearman = 0.342 
p = 0.132 
Rho Spearman = 0.035 
p = 0.918 
 Axial diffusivity Rho Spearman = -0.090 
p = 0.943 
Rho Spearman = -0.090 
p = 0.678 
 Perpendicular diffusivity Rho Spearman = -0.453 
p = 0.178 
Rho Spearman = 0.089 
p = 0.900 
Left Inferior longitudinal 
fasciculus 
N streamlines Rho Spearman = -0.345 
p = 0.234 
Rho Spearman = -0.278 
p = 0.342 
 Fractional anisotropy Rho Spearman = -0.198 
p = 0.456 
Rho Spearman = -0.147 
p = 0.564 
 Axial diffusivity Rho Spearman = -0.089 
p = 0.456 
Rho Spearman = -0.189 
p = 0.390 
 Perpendicular diffusivity Rho Spearman = 0.089 
p = 0.889 
Rho Spearman = -0.078 
p = 0.990 







Table 16. Correlations between cortical thickness analysis of the right orbitofrontal and right anterior temporal 
lobe cortices and tract-specific measurements of the tracts of interest in the right hemisphere.  
  Right OFC Right ATL 
Right Uncinate 
fasciculus 
N streamlines Rho Spearman = 0.023 
p = 0.901 
Rho Spearman = 0.236 
p = 0.187 
 Fractional anisotropy Rho Spearman = 0.043 
p = 0.812 
Rho Spearman = 0.067 
p = 0.712 
 Axial diffusivity Rho Spearman = -0.007 
p = 0.968 
Rho Spearman = -0.464 
p = 0.007 
 Perpendicular diffusivity Rho Spearman = -0.207 
p = 0.248 
Rho Spearman = -0.615 
p < 0.001 
Right Inferior 
frontooccipital fasciculus 
N streamlines Rho Spearman = -0.036 
p = 0.841 
Rho Spearman = -0.181 
p = 0.312 
 Fractional anisotropy Rho Spearman = -0.140 
p = 0.438 
Rho Spearman = 0.085 
p = 0.639 
 Axial diffusivity Rho Spearman = 0.023 
p = 0.899 
Rho Spearman = -0.011 
p = 0.953 
 Perpendicular diffusivity Rho Spearman = 0.077 
p = 0.668 
Rho Spearman = -0.106 
p = 0.557 
Right Inferior 
longitudinal fasciculus 
N streamlines Rho Spearman = -0.347 
p = 0.048 
Rho Spearman = -0.157 
p = 0.384 
 Fractional anisotropy Rho Spearman = -0.076 
p = 0.672 
Rho Spearman = 0.118 
p = 0.514 
 Axial diffusivity Rho Spearman = 0.309 
p = 0.081 
Rho Spearman = -0.148 
p = 0.412 
 Perpendicular diffusivity Rho Spearman = 0.211 
p = 0.238 
Rho Spearman = -0.189 
p = 0.292 
OFC = orbitofrontal cortex; ATL= anterior temporal lobe cortex. N streamlines = Number of streamlines 
 
6.4 Discussion 
In the present study diffusion tensor imaging tractography was used to demonstrate that 
damage to the uncinate fasciculus, which directly connects the orbitofrontal and anterior 
temporal cortex is associated with behavioural symptoms in PPA. This study also reported 
that atrophy to the anterior temporal and orbitofrontal regions correlates with behavioural 
symptoms in PPA patients. Furthermore, severity of white matter damage of the uncinate 






fasciculus correlated with cortical atrophy of both anterior temporal and orbitofrontal regions. 
These findings suggest a link between damage to a fronto-temporal network and behavioural 
symptoms in PPA. 
Despite clear evidence of damage to other ventral tracts, the lack of a statistical correlation 
between integrity of the inferior fronto-occipital fasciculus or the inferior longitudinal 
fasciculus and behavioural symptoms confirms the functional specialization of the uncinate 
network. In previous studies, degeneration of the uncinate fasciculus has been found to 
correlate with semantic processing deficits in PPA patients 67,258. There are, however, no 
previous studies that reported an association between degeneration of the uncinate fasciculus 
and behavioural symptoms in PPA. This association has been frequently described in other 
conditions affecting anterior temporal and orbitofrontal regions.  In bvFTD, for example, the 
white matter damage in the uncinate fasciculus correlates with severity of apathy, 
impulsivity, inappropriate sexual behaviour and hoarding 83. In patients with anterior 
temporal lobe epilepsy the emergence of psychotic symptoms is associated with damage to 
the white matter of the uncinate fasciculus 266. Finally, in subjects with psychopathy 82 altered 
integrity of the uncinate fasciculus correlates with severity of antisocial behaviour, which 
include poor behavioural control, impulsivity, need for stimulation, proneness to boredom, 
lack of realistic goals, and irresponsibility. Overall these studies confirm that the uncinate 
fasciculus has a major role in a wide range of comportments and that its damage is associated 
with behavioural deficits irrespective of the underlying pathology.   
The uncinate fasciculus is the major association pathway between the anterior part of the 
temporal lobe and the ventral frontal region 44. In the anterior temporal lobe, the uncinate 
fasciculus originates primarily from the temporopolar cortex and the amydgala. In the ventral 
frontal region, the uncinate fasciculus projects directly to the olfactory cortex, orbitofrontal 
cortex and subgenual cortex. The temporopolar cortex is a multimodal ‘convergence zone’ 






that integrates sensory information for object-identity representation 33,267. Here the stimuli 
are processed independently of their reward or punishment value 232. Sensory stimuli are also 
conveyed directly to the amydgala, where they are processed for their emotional/affective 
valence. Information that reaches the temporopolar cortex and amygdala is then projected 
onto the ventral frontal regions through the uncinate fasciculus. The orbitofrontal cortex in 
turn computes the reward values of primary reinforces 268 (e.g. taste, touch and smell) and 
associate them with the stimuli carried through the uncinate fasciculus. The associative 
learning realized by the neurons in the orbitofrontal cortex provides the goals for subsequent 
decision-making and appropriate motor response 83. In light of this, our findings suggest that 
behavioural symptoms in PPA could be attributed to impaired associative learning for 
sensory information associated with object-identity representation and processing of 
emotional/affective valence of stimuli 269,270. 
Among all PPA patients, we confirmed that those with the semantic variant have higher 
prevalence of behavioural symptoms. Neuropathological causes of PPA are heterogeneous 
and the neuroimaging measurements are indirect and do not allow to infer the underlying 
anatomical abnormalities. Autoptic studies show that 45% of cases with PPA have been 
found to have Alzheimer disease (AD) pathology; the remaining 55% of cases present 
evidence of frontotemporal lobar degeneration (FLTD) pathology, distributed approximately 
equally between TAR DNA-binding protein 43 (TDP-43), proteinopathy (FTLD-TDP) and 
tauopathy (FTLD-tau) 271. Although there is no a direct correspondence between each clinical 
subtype of PPA and specific neuropathological causes 90, previous studies revealed that 
FTLD-TDP of type C is the most common pathology in the semantic variant. FTLD-TDP of 
type C is characterized by numerous dystrophic neuritis (DNs) 271,272 with associated 
neuronal and synaptic loss 33,273. One could therefore speculate that cortical atrophy reflects 






neuronal loss at cortical level while diffusivity measurements are secondary axonal 
degeneration of the white matter fibres connecting cortical regions affected by the pathology.  
 
Some limitations of the study deserve further discussion. The PPA cohort we investigated 
was of a relatively small size and its composition rather heterogeneous. Large cohorts of PPA 
patients are difficult to recruit especially in the early stage of the disease and when 
assessment involves extensive neuropsychological and neuroimaging measurements. While 
the sample size of our study is similar to previous reports, a larger sample could help to 
generalise our findings and reach a better characterisation of the anatomy underpinning each 
variant. In fact, due to the small number of subjects in the mixed group, we had to exclude   
from the ANOVA analysis this variant.  
Another important limitation to acknowledge is the use of FBI to assess behavioural 
symptoms. Objective assessment and quantification of behavioural symptoms is difficult to 
obtain, especially in patients that do not reach clinical criteria for FTD. Indeed, FBI scores 
are provided by the caregiver and therefore are highly subjective and variable over time. The 
FBI were not obtained from the healthy controls as they were all independent and had no 
need for a caregiver. While we can assume that all controls had no behavioural symptoms, 
the lack of scores limited our ability to test for between-group differences in FBI scores and 
understand the degree of deviation from normality. While it is evident that the semantic 
variant presented with the most severe behavioural scores, other variants significantly 
contributed to the correlations between FBI scores and anatomical measurements. Of the 7 
patients with semantic variant, only three showed scores that were above the cut-off (27 out 
of a maximum of 72) for clinically significant symptoms. The second variant with high 
scores was the logopenic group with 3 out of 8 patients presenting scores above 15 but below 
the cut-off. This indicates that while at the group level only the semantic variant presented 






with statistically significant high scores compared to the other variants, a large degree of 
overlap between all variants was evident. Finally, another limitation of the study is the cross-
sectional design, which does not allow to understand the predictive values of our findings for 
the detection of those subjects at higher risk of developing fronto-temporal dementia.  
 
In conclusion, these findings support the conclusion that the emergence of neuropsychiatric 
symptoms in PPA patients is associated with degeneration of the uncinate fasciculus and 
atrophy of its cortical projections. These results identify the ventral temporo-frontal 
connections as a major network underlying normal behaviour in humans. These findings 
could have important implications for early detection of behavioural changes in PPA and in 
other neurodegenerative disorders in general. Future studies using higher resolution datasets 
and advanced methods for fibre crossing 148,149 could help distinguish within the uncinate 
fasciculus different networks responsible for different behavioural manifestations. Moreover, 
longitudinal studies are necessary to determine the predictive value of brain imaging methods 




















Chapter 7 Experimental Study 3: Frontal networks 
in adults with autism spectrum disorder. 
 
7.1 Introduction 
In Autistic Spectrum Disorder (ASD), structural and functional neuroimaging studies showed 
that damage to the frontal and temporal cortex, caudate nucleus, cerebellum, amygdala and 
hippocampus was associated with the impairment in social, emotion and language processing 
274-286. These cortical and subcortical structures are connected by a system of white matter 
tracts composed of short and long white matter bundles 287. In the recent years the 
development of diffusion imaging has permitted to study these bundles in the living human 
brain and understand disconnection mechanism in ASD.   
Different electrophysiological and imaging studies have suggested that in ASD several 
higher-order areas have reduced or increased connectivity since early development. These 
findings led to the proposal of ‘atypical connectivity’ theories to explain higher-order task 
deficits in ASD 288-292. Within this framework ASD is considered as a neurodevelopmental 
disorder characterized by aberrant network development. However, it remains unclear 
whether disconnectivity is specific to individual tracts or rather part of a more generalized 
brain abnormality.  
In this experimental study two complementary approaches were used to analyse white matter 
connections in adults with ASD. In the first part of the study, Tract-Based-Spatial Statistics 
(TBSS) was applied for a whole-brain analysis of white matter integrity 293-296.  
TBSS is a fully automated, operator-independent approach with the potential to identify 
white matter differences at the whole-brain level. TBSS has the advantage of being operator-




independent but can be limited in identifying between-group differences within specific tracts 
as differences can be often found in regions containing more than one tract. For this reason, 
in the second part of the study DT-MRI tractography was used to focus on specific tracts in 
greater detail. DT-MRI tractography is a MRI method for the virtual reconstruction of 3D 
white matter trajectories and the quantification of tissue microstructural integrity in the living 
human brain 44. DT-MRI tractography permits tract-specific analysis of white matter bundles 
and indirect volumetric measurements (e.g. number of streamlines and tract volume) that 
cannot be extracted with TBSS. Tractography has been applied to a large number of 
neurodevelopmental conditions, including psychopathy, dyslexia, callosal agenesis and 
schizophrenia 45,82,264,297-301. In these conditions DT-MRI tractography has demonstrated that 
white matter abnormalities are present along the entire course of the fibre rather than be 
localized within circumscribed areas.  
In this study, the first aim was to determine if the white matter damage in ASD is diffuse of 
localized to specific tracts and whether these white matter abnormalities were associated with 
the severity of symptoms in social interactions, repetitive behaviour and communication. 
The first hypothesis was that ASD is underpinned by an ‘atypical connectivity’ involving 
associative tracts. Based on previous studies, an involvement of the arcuate fasciculus, 
uncinate fasciculus and cingulum is expected. Finally, a direct correlation between the degree 
of microstructural alteration of the associative tracts and autistic symptom severity can be 
hypothesized.  
 
7.2 Material and methods 
Participants, inclusion and exclusion criteria 
61 male right-handed adults with ASD and 61 matched neurotypical male controls aged 18 to 
45 years were recruited by advertisement and assessed in the Institute of Psychiatry at Kings 




College London and the Autism Research Centre at the University of Cambridge. The 
Wechsler Abbreviated Scale of Intelligence 211 was used to assess the overall intellectual 
ability of the participants. Patients with ASD were diagnosed according to International 
Statistical Classification of Diseases, 10th Revision research criteria (ICD10-R), confirmed 
using the Autism Diagnostic Interview-Revised (ADI-R)156. All cases of ASD reached ADI-
R algorithm cut-off values in the three domains of autism characteristics (social reciprocity 
A1-A4 subscores, language and communication B1-B4 subscores, repetitive and restricted 
behaviours and interests C1-C4 subscores), although failure to reach cut-off in one of the 
domains by one point was permitted. Current symptoms were assessed using the Autism 
Diagnostic Observation Schedule (ADOS)302 but were not used as inclusion criteria. The 
ADOS is a semi-structured assessment of communication, social interaction and imaginative 
use of materials. Module 4 is designed for use with verbally fluent adolescents or adults, and 
describes a standardized interview/observational assessment consisting of 9-14 activities with 
31 accompanying ratings. Autism-Spectrum Quotient (AQ), Empathy Quotient (EQ) and 
Systemizing Quotient (SQ) were also used.  
The exclusion criteria for the patients of the present study were as follows: (1) a history of 
psychotic disorders; (2) head injury; (3) genetic disorder associated with ASD; (4) any 
medical condition affecting brain function (e.g. epilepsy); (5) current use of antipsychotic 
medication, mood stabilizers, or benzodiazepines; (6) or a history of substance misuse 
(including alcohol). 
All participants gave informed written consent in accordance with ethics approval by the 
National Research Ethics Committee, Suffolk, England. 
 
MRI Data Acquisition 
All participants were scanned with MRI scanners operating at 3T (GE Medical Systems 





 High-resolution structural T1-weighted volumetric images were acquired with full-head 
coverage, 196 contiguous slices (1.1mm thickness, with 1.09 x 1.09mm in-plane resolution), 
a 256 x 256 x 196 matrix and a repetition time/echo time of 7/2.8ms (flip angle 20°, field of 
view 28cm). An 8-channel head-coil was used for radiofrequency transmission and reception 
allowing a parallel imaging (ASSET) speed up factor of 2. Consistent image quality was 
ensured by a semi-automated quality control procedure. DT-MRI data were acquired using a 
spin-echo echo-planar imaging double refocused sequence providing whole head coverage 
with isotropic image resolution (2.4 x 2.4 x 2.4mm; 32 diffusion-weighted volumes with 
different non-collinear diffusion directions with b-factor 1300 s/mm2, and six non-diffusion-
weighted volumes; 60 slices without slice gap; echo time = 104.5ms; repetition time = 20R-R 
intervals; 128 x 128 acquisition matrix; field of view 307 x 307mm). The acquisition was 
gated to the cardiac cycle using a digital pulse oximeter placed on participants’ forefinger. 
 
Diffusion tensor imaging processing and tractography dissections  
ExploreDTI (http://www.exploredti.com) was used to preprocess the diffusion data 214. 
Initially eddy current distortion and motion corrections were applied during preprocessing. 
The b-matrix was then reoriented to allow a more accurate estimation of the tensor 
orientations 214. The diffusion tensors were estimated using a non-linear least squares 
approach 303. Finally, maps based on Fractional Anisotropy (FA), Mean Diffusivity (MD), 
Axial Diffusivity (AD) and Radial Diffusivity (RD) were created. Whole brain tractography 
was performed selecting every brain voxel with at least one fiber orientation as a seed voxel. 
From these voxels, and for each fiber orientation, streamlines were propagated using a 
modified Euler integration with a step size of 1 mm. When entering a region with crossing 
white matter bundles, the algorithm followed the orientation vector of least curvature. 




Streamlines were halted when a voxel without fiber orientation was reached or when the 
curvature between two steps exceeded a threshold of 45°. Each participant’s fractional 
anisotropy map was transformed into standard stereotactic space (using FMRIB58 template) 
and a mean fractional anisotropy map for the whole sample used to create the average core 
‘skeleton’. By using only the core of the sample’s white matter the peripheral tract regions 
are not involved in further analysis, thus removing partial volume effects 304. Skeleton images 
of each participant’s fractional anisotropy map were then produced and projected onto the 
mean skeleton to identify voxels where fractional anisotropy value differs significantly 
between these skeletons using voxel-wise statistics. The design matrix used centre, 
performance IQ, and age as covariates. Five thousand permutations were applied (confidence 
limits for P = 0.05 is = 0.0062). The TFCE value images are reported fully corrected for 
multiple comparisons across space using threshold free cluster enhancement with a specified 
significance level of P = 0.05 126.  
Following the TBSS analysis, white matter regions that were found to be atypical in ASD 
were localized using a probabilistic digital atlas of the major white matter tracts 45. Tracts that 
were identified to be atypical in ASD by the TBSS analysis were dissected using one or two 
region of interest approach 44. The tractographer was blind to group membership of each 
subject and brain side. 
Virtual dissections of the left and right arcuate fasciculus and its segments connecting frontal, 
parietal and temporal regions were performed according to previous publications 70. Virtual 
dissections of the three major limbic pathways including the cingulum, uncinate fasciculus 
and fornix were also performed 44. In addition, the inferior longitudinal fasciculus and the 
inferior fronto-occipital fasciculus dissections were done to extend the analysis to pathways 
that contain parts of the fibres connecting limbic structures to visual and auditory associative 
areas.  The corpus callosum was dissected using a single region of interest defined on the two 




most medial slices of the fractional anisotropy maps. Individual portions of the corpus 
callosum were analyzed separately according to Witelson’s criteria 305 (Figure 25).  
 
 










Statistical analysis was performed using SPSS software package (version 21). Demographic 
and behavioural differences between ASD and control groups were analyzed using 
independent-samples t-tests. Repeated measures ANOVA analyses were performed 
separately for each measurement (i.e. number of streamlines, volume, fractional anisotropy, 
mean diffusivity, and perpendicular diffusivity) to examine group differences (i.e. the fixed 
factor) for the perisylvian network (long, posterior and anterior segments of the arcuate 
fasciculus) and the limbic association pathways (cingulum and uncinate fasciculus). Corpus 
callosum’s group differences were estimated separately for each measurement (i.e. number of 
streamlines, volume, fractional anisotropy, mean diffusivity, and perpendicular diffusivity) 
using univariate 
ANOVA analyses. Age, centre and performance IQ were entered as covariates in all 
analyses. Post hoc comparisons for specific tracts were considered as statistically significant 
if they survived Bonferroni correction for multiple comparisons (P = 0.0045, five tracts for 
each hemisphere; P = 0.008 for the corpus callosum). Both streamline count and tract volume 
were calculated for each tract. Considering that both measures yielded to similar results only 
streamline count is reported. To study possible associations between tract abnormalities and 
symptom severity within the ASD group differences in tracts were related to symptom 
severity as measured by the relevant ADIR and ADOS scores using Pearson correlation.  
 
Role of the PhD student in this experimental study. 
In this experimental study, I was primarily involved in processing the diffusion tensor data 
and performing tractography dissections for the statistical analysis.  
 
7.3 Results 
The ASD sample included 24 males with a diagnosis of childhood autism and 37 with a 




diagnosis of Asperger syndrome (Table 17).  
 
Table 17. Demographics of the ASD group and healthy controls.  
  




Age, y 28 (±6.7) [18-45] 26 (±6.9) [18-41] 
Full-scale IQ, WASI 114 (±11.1) [86-137] 111 (±13) [77-135] 
Performance IQ, WASIb 116 (±10.5) [94-135] 109 (±14.9) [75-138] 
Verbal IQ, WASI 110 (±12.5) [71-137] 110 (±13.2) [84-139] 
EHI 96 (±7.6) [65-100] 93 (±14.2) [25-100] 
ADI-R Score   
 - Socialc - 18.1 (±5.3) 
 - Communicationc - 13.6 (±4.2) 
 - Repetitive Behaviourc - 4.8 (±2.2) 
ADOS Score   
 - Sociald - 6.1 (±2.9) 
 - Communicationd - 3.3 (±1.7) 
 - Repetitive Behaviourd - 1.2 (±1.2) 
AQ - 23.6 (±10.7) 
EQ - 32.7 (±15.5) 
SQ - 64.3 (±22.3) 
Numbers are means ± standard deviations. Ranges are between square brackets. Abbreviations: ADI-R, Autism 
Diagnostic Interview–Revised; ADOS, Autism Diagnostic Observation Schedule; ASD, autism spectrum 
disorder; WASI, Wechsler Abbreviated Scale of Intelligence. 
aThere were no significant differences between the ASD and control groups in age, full-scale IQ, or verbal IQ at 
p < .05 (2-tailed). 
b There was a significant difference in performance IQ (P = .005). 
c Information was available for all 61 individuals with ASD. The following cutoff scores were used: ADI-R 
Social, greater than 10; Communication, greater than 8; and Repetitive Behaviour, greater than 3. 




There was a significant lower fractional anisotropy in the ASD group (corrected for multiple 
comparisons) compared to controls in the left arcuate fasciculus (P = 0.026), external capsule 
(P = 0.046), anterior (P = 0.044) and posterior (P = 0.032) cingulum, and anterior corpus 
callosum (P = 0.015).  
 





Diffusion tractography analysis 
Arcuate fasciculus 
In the arcuate fasciculus, ASD showed a significant difference in terms of mean diffusivity 
[F(1 120) = 5.618; P = 0.020] and radial diffusivity [F(1 120), 4.629; P = 0.034].  A 
statistically significant Group x Hemisphere interaction for the number of streamlines [F(2 
116) = 6.817; P = 0.010] and Group x Tract interaction for the number of streamlines [F(2, 
113) = 4.045; P = 0.02] was also found. After Bonferroni correction for multiple 
comparisons, the ASD group showed higher mean and radial diffusivity in the left long and 
left anterior segments while differences in the number of streamlines of the left long and 
anterior segments and mean diffusivity of the posterior right segment did not survive 
correction for multiple comparisons. 
In the ASD group, the number of streamlines of the left anterior segment of the arcuate 
fasciculus was significantly negative correlated with the ADI-R B3 score for stereotyped, 












Figure 26. The anatomy of the arcuate fasciculus in relation to childhood ASD symptoms. (A) Tractography 
dissections of the three segments of the arcuate fasciculus. (B) Negative correlation between the number of 
streamlines of the left anterior segment and the B3 score (stereotyped, repetitive and idiosyncratic speech) of the 
ADI-R (r = -0.340; P = 0.005) in the ASD group. (C) In the ASD group, participants with a significant history of 
stereotyped utterance and delayed echolalia in childhood had a significantly lower number of streamlines in the 
anterior segment of the arcuate fasciculus. (D) Similarly, ASD subjects with severely impaired reciprocal 
conversation in childhood had a significantly lower number of streamlines in the anterior segment of the arcuate 




A statistically significant Group x Hemisphere interaction for fractional anisotropy [F(2 118) 
= 6.197; P = 0.014] was found. The ASD group showed a higher mean diffusivity and radial 
diffusivity in the left uncinate and lower fractional anisotropy in the left cingulum after 
Bonferroni correction for multiple comparisons.  
 





Table 18.  Tract-specific measurements of the three segments of the arcuate fasciculus. 
 
Numbers are means ± standard deviations. * Indicates values that survive Bonferroni correction for multiple 
comparisons.   
 
 
In ASD group, statistically significant correlation between the number of streamlines of the 
left uncinate and the ADI-R total score for qualitative abnormalities in reciprocal social 
Segments Measurements   Controls ASD p-val-ue
Long_left Streamlines 292±108 246±108 0.023
FA 0.504±.020 0.496±.023 0.042
 MD 0.74±.02 x 10-3 0.75±.02 x 10-3 0.002*
RD 0.51±.02 x 10-3 0.52±.02 x 10-3 0.003*
Long_right Streamlines 153±116 120±88 0.084
FA 0.480±.024 0.470±.025 0.21
 MD 0.49±.02 x 10-3 0.48±.06 x 10-3 0.163
RD 0.52±.02 x 10-3 0.52±.02 x 10-3 0.09
Anterior_left Streamlines 132±78 101±63 0.018
FA 0.459±.026 0.448±.030 0.039
 MD 0.75±.02 x 10-3 0.77±.03 x 10-3 0.003*
RD 0.55±.02 x 10-3 0.57±.03 x 10-3 0.003*
Anterior_right Streamlines 210±125 192±119 0.431
FA 0.470±.027 0.464±.024 0.188
 MD 0.76±.02 x 10-3 0.77±.02 x 10-3 0.083
RD 0.55±.02 x 10-3 0.55±.02 x 10-3 0.078
Posterior_left Streamlines 156±67 170±94 0.353
FA 0.454±.026 0.453±.023 0.885
 MD 0.75±.02 x 10-3 0.76±.02 x 10-3 0.007*
RD 0.54±.02 x 10-3 0.55±.03 x 10-3 0.057
Posterior_right Streamlines 132±75 131±83 0.947
FA 0.452±.028 0.451±.026 0.878
 MD 0.76±.02 x 10-3 0.77±.03 x 10-3 0.011
RD 0.55±.02 x 10-3 0.56±.03 x 10-3 0.055




interactions (r = -0.269; P = 0.01), and A4 score for impaired socio-emotional reciprocity (r = 
-0.295; P = 0.01) was found.  A similar correlation was found between fractional anisotropy 
of the left uncinate and the A4 score for impaired socio-emotional reciprocity (r = -0.301; 
P50.01). The correlation with A4 score was mainly driven by the severity of ‘inappropriate 
use of facial expression’.  
 
 
Figure 27. The anatomy of the limbic tracts in relation to childhood ASD symptoms. (A) Tractography 
reconstructions of the limbic pathways. (B) Negative correlation between the number of streamlines of the left 
uncinate fasciculus and the total A4 score for impaired socioemotional reciprocity in the ADI-R (Pearson’s 
correlation = -0.295; P = 0.01) in the ASD group. ASD participants with a (C) significant history of impaired 
use of facial expression in childhood and (D and E) late use of first single words had a significantly lower 
fractional anisotropy (FA) and higher radial diffusivity in the left uncinate fasciculus. 
 






In the number of streamlines, fractional anisotropy, mean diffusivity and radial diffusivity of 
the total corpus callosum there were not statistically significant differences between 
participants with ASD and controls. No significant correlations between diffusion indices of 
the corpus callosum and symptom severity as measured by the ADI-R and ADOS were found 
in the ASD group. The analysis of the segments of the corpus callosum revealed a 
statistically significant increase in mean diffusivity and radial diffusivity in the genu and 
anterior body in the ASD group as compared to controls. Differences in fractional anisotropy 
and radial diffusivity of the central body did not survive correction for multiple comparisons. 
No statistically significant differences were found in the posterior body, isthmus and 
splenium. There no significant correlations between diffusion indices of the corpus callosum 


















Table 19. Tract-specific measurements of the callosal tracts. 
 
 
Numbers are means ± standard deviations. * Indicates values that survive Bonferroni correction for multiple 




Measurements   Controls ASD p-value
Genu Streamlines 914±304 853±192 0.197
FA 0.572±.022 0.566±.020 0.178
 MD 0.82±.04 x 10-3 0.84±.03 x 10-3 0.006*
RD 0.51±.03 x 10-3 0.53±.03 x 10-3 0.011
Anterior Body Streamlines 412±156 427±143 0.534
FA 0.539±.022 0.532±.018 0.062
 MD 0.82±.03 x 10-3 0.83±.03 x 10-3 0.003*
RD 0.53±.03 x 10-3 0.55±.05 x 10-3 0.004*
Centre Body Streamlines 460±149 427±111 0.191
FA 0.558±.022 0.550±.020 0.04
 MD 0.81±.03 x 10-3 0.82±.03 x 10-3 0.04
RD 0.51±.03 x 10-3 0.52±.03 x 10-3 0.022
Posterior Body Streamlines 464±120 463±118 0.98
FA 0.572±.022 0.574±.018 0.537
 MD 0.79±.03 x 10-3 0.79±.02 x 10-3 0.741
RD 0.49±.03 x 10-3 0.49±.02 x 10-3 0.994
Isthmus Streamlines 474±143 453±131 0.363
FA 0.559±.024 0.557±.020 0.723
 MD 0.80±.03 x 10-3 0.79±.02 x 10-3 0.532
RD 0.50±.03 x 10-3 0.50±.02 x 10-3 0.722
Splenium Streamlines 1514±295 1498±315 0.774
FA 0.611±.017 0.608±.018 0.424
 MD 0.79±.02 x 10-3 0.79±.02 x 10-3 0.584
RD 0.46±.02 x 10-3 0.47±.02 x 10-3 0.44




Table 20. Tract-specific measurements of the limbic tracts. 
 
Numbers are means ± standard deviations. * Indicates values that survive Bonferroni correction for multiple 
comparisons.    
Limbic Tracts Measurements   Controls ASD p-val-ue
Uncinate_left Streamlines 180±80 147±68 0.019
FA 0.462±.022 0.452±.027 0.023
 MD 0.82±.02 x 10-3 0.84±.02 x 10-3 0.003*
RD 0.59±.03 x 10-3 0.61±.03 x 10-3 0.001*
Uncinate_right Streamlines 206±81 183±78 0.149
FA 0.468±.022 0.459±.029 0.044
 MD 0.82±.02 x 10-3 0.83±.40 x 10-3 0.014
RD 0.58±.02 x 10-3 0.60±.04 x 10-3 0.025
Cingulum_left Streamlines 666±139 607±149 0.036
FA 0.479±.025 0.466±.023 0.003*
 MD 0.78±.02 x 10-3 0.79±.02 x 10-3 0.199
RD 0.55±.02 x 10-3 0.56±.02 x 10-3 0.007*
Cingulum_right Streamlines 596±126 562±137 0.158
FA 0.464±.024 0.457±.025 0.083
 MD 0.78±.02 x 10-3 0.79±.02 x 10-3 0.147
RD 0.56±.02 x 10-3 0.58±.03 x 10-3 0.064
IFOF_left Streamlines 182±80 167±88 0.481
FA 0.499±.025 0.493±.025 0.272
 MD 0.78±.02 x 10-3 0.80±.03 x 10-3 0.008
RD 0.54±.03 x 10-3 0.55±.03 x 10-3 0.025
IFOF_right Streamlines 166±81 177±93 0.35
FA 0.488±.020 0.491±.025 0.5
 MD 0.79±.02 x 10-3 0.80±.03 x 10-3 0.023
RD 0.55±.02 x 10-3 0.56±.03 x 10-3 0.277
ILF_left Streamlines 235±74 222±118 0.469
FA 0.529±.027 0.524±.023 0.138
 MD 0.79±.03 x 10-3 0.81±.03 x 10-3 0.035
RD 0.53±.02 x 10-3 0.54±.03 x 10-3 0.024
ILF_right Streamlines 265±103 228±93 0.021
FA 0.516±.070 0.524±.021 0.894
 MD 0.80±.02 x 10-3 0.81±.02 x 10-3 0.02
RD 0.53±.02 x 10-3 0.54±.03 x 10-3 0.086





In this experimental study, white matter abnormalities in ASD were showed to persist into 
adult life. It was found that white matter damage is mainly to the major association and 
commissural tracts of the frontal lobe connecting frontal lobe to more posterior areas of the 
parietal, limbic and temporal lobe. Moreover, these white matter differences were associated 
with specific childhood ASD behavioural characteristics.  
These results are in line with previous studies that reported differences in white matter tracts 
in ASD. A recent meta-analysis of diffusion tensor imaging (voxel-based) studies with 330 
people with ASD and 313 controls showed decreased fractional anisotropy of the left arcuate 
fasciculus, uncinate fasciculus and corpus callosum, and increased mean diffusivity in the 
same regions 306. Most of the tractography studies reported differences in the uncinate and 
arcuate fasciculi in ASD while a smaller number of studies demonstrated abnormalities in 
additional tracts, including the cingulum bundle, the inferior longitudinal and inferior fronto-
occipital fasciculus.  
However, only a few studies showed a direct correlation between white matter abnormalities 
and clinical symptoms 129. A recent study used DTI to find a positive correlation between the 
fractional anisotropy of the uncinate fasciculus and both therapy duration and symptom 
improvement measured by the Child Autism Rating Scale 307. Despite the fact that all of these 
findings suggest that ASD is characterized by differences in white matter tracts, the exact 
biological mechanism modulating these differences cannot be elucidated by diffusion 
techniques but may be understood by other methodologies, including post-mortem studies. 
Post-mortem studies have reported that ASD is associated with white matter inflammation 
and reduced neural size and increased packing density within frontal and temporal limbic 
(grey matter) structures and increased number of neuronal processing units, known as cortical 
mini-columns within frontal and temporal cortices 131,133,308. These are highly interconnected, 




and a greater number of mini-columns could result in increased formation of short-range 
(intracortical) connections and disrupted maturation of long-range connections linking distant 
regions 309-311. These findings may give support to the results of this study as they suggest 
that ASD pathology may lead to white matter changes in the long white matter connections, 
which can explain the reduced fractional anisotropy and increased radial diffusivity in the 
long-range connections of the frontal lobe identified in the present study. This hypothesis is 
also supported by a recent post-mortem study in ASD, which reported reduced myelin 
thickness in the frontal white matter 312.  
In our study, we analysed only adult and it is therefore difficult to establish the onset of white 
matter abnormalities in ASD. A recent in vivo longitudinal study found that in infants at 
high-risk of developing ASD later in life, reduced fractional anisotropy in limbic and 
association tracts, including those reported in our current study, was already evident by the 
age they showed obvious signs of autism. In addition, these white matter differences are 
evident as early as 6 months of age in infants at risk of ASD, although abnormalities are often 
in the opposite direction (i.e. increased fractional anisotropy in the risk group). These 
findings suggest that ASD progresses through different stages during early neurodevelopment 
313.  
Differences in tract-specific measurements between neurotypical adults and ASD were found 
to be particularly significant for the mean diffusivity and radial diffusivity. These findings 
may suggest that mean diffusivity and radial diffusivity have greater intrinsic sensitivity to in 
vivo abnormalities associated with ASD pathology but also that the biophysical meaning of 
these indices is different. Fractional anisotropy as measure of diffusion anisotropy is sensitive 
to changes in the overall structural organization of the tissue or the fibre architecture but does 
not provide information regarding how the diffusion proceeds in different directions. On the 
other hand, mean diffusivity and radial diffusivity are able to provide quantitative measures 




of water mobility within the tissue, either as average (mean diffusivity) or radially to the 
direction of maximum diffusivity (radial diffusivity). Mean diffusivity and radial diffusivity 
could be considered as more specific biomarkers related to abnormalities, such as changes in 
axonal membrane, extra-axonal volume density or in the myelin sheet because they may 
capture something not visible in a ratio or a difference in diffusivities. This is in line with 
previous study that have reported differences between typically developing adolescents and 
individuals with ASD only for diffusivity measures 314.  
 
This study is not without limitations. First, the cross-sectional design and exclusion of 
children, females and participants with intellectual disability limited the capability for 
generalization or confirming causal and temporal developmental effects. For example, there 
is a sex difference in arcuate tract development in the typically developing population 
72.Therefore, these results may not generalize to females with ASD, suggesting the need for 
future studies to include comparable samples of females. Similarly, the exclusion of 
individuals with below average IQ may mean that these results are not generalizable to the 
proportion of those with both ASD and intellectual disability. It could be argued that the 
significant difference in the IQ performance between the two groups may have confounded 
these findings. However, this difference was dealt with by co-varying for this across all of 
this analysis and these criteria were implemented in order to optimize sample homogeneity. 
Second, a multicentre design was used for MRI data acquisition, which may carry additional 
limitations. However, the same scanner model and acquisition parameters across scanning 
sites were used. In addition, inter-site effects were accounted for in the statistical model 
315,316. Therefore, the detected between-group differences cannot be fully explained by these 
limitations. Finally, some of the negative findings (e.g. lack of correlation between anatomy 
of the corpus callosum and ASD symptoms) could be explained by the use of the tensor 




method, which is limited in resolving fibre crossing. Future studies are necessary to improve 
the complete visualization of callosal tracts using advanced diffusion models 148. 
 
To conclude, this experimental study demonstrated that the specific structural abnormalities 
of white matter fibres found in this sample of ASD are compatible with the concept of autism 
being associated with atypical developmental connectivity of the frontal lobes. Future studies 










Chapter 8 Conclusions 
This chapter brings together the main conclusions of the experimental work reported in this 
thesis and discuss them in the context of our current understanding of the link between 
network anatomy and some non-motor functions of the frontal lobe. 
 
General considerations on the approach proposed in this thesis 
The overall aim of this thesis was to investigate the anatomy of the frontal networks 
underlying behavioural functions in frontal lobe disorders. Tractography analysis was 
performed in three distinct disorders that have been previously demonstrated to affect 
different but partially overlapping regions of the frontal lobe. MND is a neurodegenerative 
disorder that affects primarily precentral and premotor cortex 198-201. PPA is a heterogeneous 
neurodegenerative disorder that involves perisylvian language areas of the temporal, parietal 
and frontal lobe of the left hemisphere. In the frontal lobe, the premotor and posterior 
prefrontal cortex are severely affected, especially in those forms presenting with a non-
fluent/agrammatic form 90,93,317. ASD is a neurodevelopmental condition that has been linked 
to anatomical abnormalities of the prefrontal and in part premotor cortex 129. One advantage 
of using three cohorts of disorders affecting distinct regions of the frontal lobe is the 
possibility of probing the functional anatomy of the networks originating or projecting to the 
three broad divisions of the frontal lobe in motor, premotor and prefrontal. At the same time 
the partial overlap between the anatomy of the three disorders permits to understand the 
consequences of damage to a specific tract irrespective of the underlying condition. For 
example, in this thesis damage to the uncinate fasciculus was found to be correlated with 
behavioural symptoms in both PPA and ASD (see below), which indicates that the proposed 
clinico-anatomical correlative approach across disorders is valid and informative. In addition, 




by collecting complementary evidence from different pathologies, a more comprehensive 
map of the behavioural correlates of frontal lobe dysfunction can be depicted. 
At the same time, the differences between the three disorders in terms of genetic 
vulnerability, age of onset, clinical progression and neuropathology should be taken into 
account when interpreting the results derived from the three studies. ASD, for example, is a 
clinical condition not always accompanied by evident and specific neuroradiological or 
neuropathological abnormalities 129 and therefore anatomical changes in cortical and white 
matter anatomy may be difficult to detect with neuroimaging. Furthermore, compensatory 
changes are likely to occur with time, which may affect the possibility to identify a one-to-
one correspondence between lesion location and symptoms, as demonstrated in Experimental 
study 3. Conversely, PPA and MND are progressive neurodegenerative disorders in which 
meaningful correlations between anatomical abnormalities and severity of clinical symptoms 
are frequently reported 67,207. However, in these disorders the extension of the anatomical 
abnormalities beyond the language and motor areas is often highly variable and biased by the 
composition of the studied cohort. This may explain the lack of significant correlations 
between, for example, the uncinate fasciculus and behavioural manifestations in our MND 
study.      
 
Discussion of the conclusions from the three studies 
The first study investigated the cortical and white matter abnormalities underlying cognitive 
and behavior performances in MND patients using a cortical morphometry analysis and 
diffusion tensor tractography. The whole brain vertex-wise cortical analysis showed reduced 
cortical volume in the left lateral precentral gyrus, mid-cingulate cortex, parahippocampal 
gyrus and right medial and lateral precentral gyrus in the MND group compared with healthy 
controls. The diffusion tractography demonstrated white matter damage of the cortico-spinal 




tract and of the cingulum in the MND group when compared with healthy controls. 
Furthermore, in this study the dorsal and ventral components of the cingulum were analysed 
separately. A correlation analysis showed that the reduced cortical volume of the mid-
cingulate cortex and the underlying dorsal component of the cingulum were associated with 
anxiety, depression and performance in executive functions while the reduced volume of the 
parahippocampal gyrus and the underlying ventral component of the cingulum with semantic 
performances. Two main conclusions can be derived from these findings. First, we were able 
to confirm the sensitivity of current imaging methods to detect motor abnormalities whose 
severity correlates with the degree of motor impairment. Second, both cortical morphometry 
and tractography demonstrated the involvement of extra-motor regions that have been 
traditionally associated with the limbic system, such as dorsal cingulum and parahippocampal 
gyrus. The pattern of involvement of the limbic areas is of interest as it suggests two possible 
spreading mechanisms: i) by contiguity to those limbic areas adjacent to the motor cortex 
(e.g. dorsal cingulate cortex); ii) by diffusion along the long fibres of the cingulum 
connecting the medial-dorsal frontal cortex and cingulate cortex to the parahippocampal 
cortex. The possibility that white matter fibres represent a vehicle for the diffusion of the 
neuropathological process to distant cerebral regions has been suggested by post-mortem 
studies that demonstrated, for example, that patients with PPA and localized cortical 
degeneration in Broca’s region develop concomitant symptoms of bulbar onset MND if the 
neurogenerative process affects the hypoglossal nucleus 192. Our tractography findings of a 
white matter damage along the cingulum fibres suggest that the neurodegenerative process 
extends along white matter connections. Future histological studies are necessary to confirm 
this hypothesis by demonstrating white matter pathology of tracts connecting distant cortical 
regions affected by the neuropathological process. These findings also support a recent 




proposal for an anatomical and functional division of the limbic system into three distinct but 
interconnected networks. This aspect will be discussed more in detail in the final paragraph.   
 
The second study investigated if behavioral symptoms in patients with PPA were associated 
with degeneration of a ventral frontotemporal network through a multimodal neuroimaging 
approach. Diffusion tensor imaging tractography was used to quantify abnormalities of the 
uncinate fasciculus that connects the anterior temporal lobe and the ventrolateral frontal 
cortex and of the inferior fronto-occipital fasciculus and the inferior longitudinal fasciculus. 
Cortical thickness of anterior temporal and orbitofrontal regions interconnected by these 
tracts was also measured. The findings showed that although all three tracts had structural 
abnormalities as determined by tractography, significant correlations with behavioural scores 
were found only for the uncinate fasciculus. Cortical atrophy of the orbitofrontal and anterior 
temporal lobe cortex was also correlated with these scores. These findings indicate that 
damage to a frontotemporal network mediated by the uncinate fasciculus may underlie the 
emergence of behavioral symptoms in patients with PPA. Similar to the MND study, we were 
able to demonstrate the sensitivity of neuroimaging methods to anatomical changes in both 
cortical and white matter fibres of the tracts affected in PPA. The sensitivity extends to non-
language functions as demonstrated by the correlations with subclinical behavioural 
symptoms in a group at high risk of developing a full-fledged fronto-temporal dementia. In 
addition, these findings confirm the role of the uncinated fasciculus in human behavior and 
suggest hypothesis for future studies that will be taken into account more in detail below.   
 
The third study analysed the relationship between the ‘atypical connectivity’ of the higher-
order association brain regions and autistic symptom severity in a large cohort of adults with 
ASD using a multimodal neuroimaging approach. TBSS showed that the white matter 




microstructure was altered in regions that included frontal lobe pathways in ASD. 
Tractography analysis of these specific pathways detected diffusion abnormalities in the 
anterior and long segments of the arcuate fasciculus, cingulum and uncinate and in the 
anterior portions of the corpus callosum. Damage to the uncinate tract correlated with 
severity of symptoms in social reciprocity. The findings provide evidence that ASD is a 
development condition associated with abnormal connectivity of the frontal lobes and these 
aberrant development trajectories of the frontal networks persist in adult life. The 
neurodevelopmental hypothesis of ASD is a relatively recent advancement in our 
understanding of this disorder and followed many decades of psychoanalytical and social 
explanations 318. The possibility of detecting white matter abnormalities in these patients 
reinforce the idea of neurobiological origin of the disorder and helps to develop network 
models of ASD symptoms. At the same time this is a disorder that occurs in developing 
brains in which structural, functional and behavioural changes have been observed before and 
after the onset of symptoms. The dynamic nature of this condition, especially in the milder 
forms such as Asperger’s syndrome, may represent a limitation when a traditional clinic-
anatomical correlative approach is adopted. In adults, characteristic ASD symptoms are 
difficult to quantify and often high functioning individuals have developed compensatory 
strategies to overcome their social, communication and behavioural difficulties. This may 
explain the lack of correlation between current symptoms and frontal lobe anatomy in our 
study. Nevertheless, the anatomical abnormalities we detected were localized in the dorsal 
cingulum and the uncinate fasciculus. These findings together with those of the first two 
experiments allow to put forward a general model of frontal lobe networks for human social 
behaviour.    
 
 





Frontal lobe networks underlying human social behavior and emotions  
The results of this thesis suggest the existence of two main frontal tracts involved in 
behaviour and emotion processing in humans. A ventral fronto-temporal network composed 
of long fibres of the uncinate fasciculus is responsible for behaviour symptoms in our PPA 
sample and severity of social reciprocity in our ASD group. A more dorso-medial frontal-
parietal network that corresponds to the dorsal cingulum associated with anxiety, depression 
and performance in executive functions. In the classical literature, these two tracts have been 
considered as part of the limbic system and therefore should not be strictly considered as 
purely frontal lobe tracts.  
 
The uncinate fasciculus is a tract that Paul Yakovlev proposed to form a network linked to 
emotion processing and motivation 319. Indeed, the experimental study 3 of this thesis 
identified a correlation between diffusion abnormalities of the uncinate fasciculus and 
impaired socio-emotional reciprocity in ASD. On the other hand, we also found in 
experimental study 2 that in our PPA sample damage to the uncinate fasciculus was 
associated with severity of total negative behaviour symptoms which included apathy, 
aspontaneity, indifference and emotional flatness. The role of the uncinate fasciculus in 
emotion processing and motivation is extensively reported in the tractography literature. For 
example, decreased fractional anisotropy values in both left and right uncinate fasciculus 
have been described in patients with bvFTD 320,321. Similar findings have been reported in 
neurodevelopmental disorders characterized by impaired emotional processing and 
motivation. Craig et al. (2009) found that altered microstructural integrity of the uncinate 
fasciculus in young men diagnosed with psychopathy correlated with measures of antisocial 
behaviour 82. Several studies reported reduced fractional anisotropy values in the uncinate 




fasciculus of patients with schizophrenia 322-324and significant correlations with specific 
symptoms of schizophrenia such as flattened affect and lack of social engagement 323. There 
is also evidence that the uncinate fasciculus is involved in cognitive functions such as 
recognition of famous faces 325, naming and single words comprehension. This suggests that 
the uncinate fasciculus may represent a complex network involved in functions that can be 
broadly separated into a cognitive domain and a behavioural domain. Post-morterm and 
tractography studies showed that before entering the orbital region of the frontal lobe, the 
uncinate fasciculus splits into a ventro-lateral branch terminating in the lateral orbitofrontal 
cortex and inferior frontal gyrus, and an antero-medial branch that connects to the medial 
orbitofrontal cortex, olfactory cortex and frontal pole 44,326,327. Considering that the lateral 
branch originates from anterior and lateral temporo-polar cortex involved in semantic 
cognition, we hypothesise that this branch of the uncinate fasciculus has a prominent role in 
cognitive functions. Conversely, the anterior-medial branch originates from the medial 
temporal lobe (amygdala and hippocampus), we hypothesise that this component of the 
uncinate fasciculus is involved in behavioural aspects. This hypothesis can be validated in the 
future studies using tractography applied to conditions characterized by temporo-frontal 
network dysfunction with either predominant cognitive or behavioral symptoms.   
 
The cingulum was originally described as a single tract forming the main cortical associative 
network of Papez circuit 328. More recently the cingulum has been proposed to represent a 
network composed of at least two separate segments: i) an anterior-dorsal branch connecting 
anterior medial prefrontal cortex and cingulate cortex to precuneus and posterior cingulate 
cortex; ii) a posterior-ventral branch connecting the posterior precuneus and cingulate cortex 
to the parahippocampal gyrus 45. The results of our experimental study 1 support this division 
of the cingulum and confirm a different functional role of the two branches. Previous studies 




have demonstrated that the dorsal segment forms the medial portion of the default-mode 
network. The default-mode network is active during the ‘resting state’ while a synchronous 
deactivation of the default network is observed in the transition between the ‘resting state’ 
and the execution of goal directed tasks, irrespective of the nature of the task. The 
deactivation of the default-mode network may be crucial for tasks requiring attention, 
mentalising, response selection and action monitoring, autobiographical memory, self-
knowledge, pain perception, empathy and person perception 22,85. In clinical populations, 
abnormal activation of the default network has been reported in major depression, autism 
spectrum disorder, attention deficit and hyperactivity disorder, and in obsessive-compulsive 
disorder 22,329-331. This literature gives support to our interpretation of anatomical differences 
identified in MND as indicative of a vulnerability to develop executive and non-executive 
deficits and psychiatric symptoms. Conversely, the fibres constituting the ventral branch of 
the cingulum are important for episodic memory, a conclusion that is supported by 
tractography studies that demonstrated early atrophy of the ventral cingulum fibres in early 
Alzheimer disease 332.  
 
Asymmetry of the frontal lobe networks underlying human social behavior and emotions  
Structural network asymmetry is an emerging topic in the current neuroimaging literature. 
The demonstration of inter-individual differences in network asymmetry for the language 
pathways 72 has important implications for language recovery in patients with aphasia after 
stroke 333. In neurodegenerative and neurodevelopmental disorders the concept of network 
asymmetry has not been thoroughly explored. The presence of bilateral networks may 
represent a mechanism of resilience in disorders predominantly affecting one hemisphere. In 
healthy subjects, both uncinate and cingulum tracts are structurally symmetrical 263. If we 
take into account the results of the three experiments in the context of network asymmetry, 




the lack of specific correlations between current symptoms and left hemisphere tract 
abnormalities can be explained by possible compensatory mechanisms occurring in the 
relatively spared right hemisphere. Conversely, the experimental study 1 demonstrated 
bilaterally diffusion abnormalities of the cingulum in MND and these correlated significantly 
with anxiety, depression and performance in executive functions. This is in line with previous 
studies that suggested that there is no clear effect of laterality on these performances 2,334. In 
addition, our PPA sample also showed bilateral damage to the uncinate fasciculus that 
correlated significantly with severity of behavioural symptoms. Although it is well known 
that language deficits in PPA are largely driven by a degeneration in the left hemisphere, 
most of the PPA patients with behavioural and emotional changes strongly show also right-
sided damage. It is believed that the disease spreads from hemisphere to the other over the 
course of the disease 261,317,335. Future longitudinal studies may clarify the role of white matter 
asymmetry in disease resilience and progression.  
 
In conclusion, this thesis demonstrated that current neuroimaging methods such as cortical 
thickness and diffusion imaging are sensitive to brain abnormalities associated not only to 
neurodegeneration but also to neurodevelopmental pathology. Second, damage to specific 
networks will manifest with similar symptoms irrespective of the underlying pathology. In 
particular damage to the uncinate fasciculus and dorsal cingulum seems to be shared across 
the three pathologies. These considerations will help to broaden our understanding of the 
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Frontotemporal networks and behavioral
symptoms in primary progressive aphasia
ABSTRACT
Objective: To determine if behavioral symptoms in patients with primary progressive aphasia
(PPA) were associated with degeneration of a ventral frontotemporal network.
Methods: We used diffusion tensor imaging tractography to quantify abnormalities of the unci-
nate fasciculus that connects the anterior temporal lobe and the ventrolateral frontal cortex.
Two additional ventral tracts were studied: the inferior fronto-occipital fasciculus and the inferior
longitudinal fasciculus. We also measured cortical thickness of anterior temporal and orbitofron-
tal regions interconnected by these tracts. Thirty-three patients with PPA and 26 healthy controls
were recruited.
Results: In keeping with the PPA diagnosis, behavioral symptoms were distinctly less prominent
than the language deficits. Although all 3 tracts had structural pathology as determined by trac-
tography, significant correlations with scores on the Frontal Behavioral Inventory were found only
for the uncinate fasciculus. Cortical atrophy of the orbitofrontal and anterior temporal lobe cortex
was also correlated with these scores.
Conclusions: Our findings indicate that damage to a frontotemporal network mediated by the
uncinate fasciculus may underlie the emergence of behavioral symptoms in patients with PPA.
Neurology® 2016;86:1393–1399
GLOSSARY
ANOVA 5 analysis of variance; bvFTD 5 behavioral variant frontotemporal dementia; DTI 5 diffusion tensor imaging; FBI 5
Frontal Behavioral Inventory; MPRAGE 5 magnetization-prepared rapid gradient echo; PPA 5 primary progressive aphasia;
PPA-S 5 primary progressive aphasia–semantic variant; ROI 5 region of interest.
Patients with primary progressive aphasia (PPA) show a gradual decline in language functioning
with a relative sparing of other cognitive domains.1 Although the aphasia is the major cause of
impaired function, additional symptoms such as distress, sadness, apathy, and depression can be
seen in almost half of patients with PPA, followed by changes in eating, aberrant motor behav-
ior, agitation, disinhibition, and irritability.1,2 In keeping with the progressive neurodegenerative
etiologies of both PPA and behavioral variant frontotemporal dementia (bvFTD), it is not
surprising that the symptom overlap between these 2 syndromes becomes increasingly more
prominent as the disease progresses. In fact, approximately 75% of patients with PPA eventually
develop severe behavioral problems, whereas 65% of patients with bvFTD manifest clear lan-
guage impairment.3
Among the 3 variants of PPA, patients with the semantic form, in which the anatomical hall-
mark is represented by a marked atrophy of the anterior temporal lobes,3 are at higher risk of
developing behavioral symptoms compared with the other variants. Rohrer and Warren4 found
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Frontal networks in adults with autism
spectrum disorder
Marco Catani,1,2 Flavio Dell’Acqua,2 Sanja Budisavljevic,1 Henrietta Howells,1
Michel Thiebaut de Schotten,1 Sea´n Froudist-Walsh,1 Lucio D’Anna,1 Abigail Thompson,1
Stefano Sandrone,1 Edward T. Bullmore,3,4 John Suckling,3,4,5 Simon Baron-Cohen,3,5
Michael V. Lombardo,5,6 Sally J. Wheelwright,5 Bhismadev Chakrabarti,5,7 Meng-Chuan Lai,5,8,9
Amber N. V. Ruigrok,5 Alexander Leemans,10 Christine Ecker,1
MRC AIMS Consortium,† Michael C. Craig1,11,* and Declan G. M. Murphy1,*
*These authors contributed equally to this work.
†See Appendix 1.
It has been postulated that autism spectrum disorder is underpinned by an ‘atypical connectivity’ involving higher-order association
brain regions. To test this hypothesis in a large cohort of adults with autism spectrum disorder we compared the white matter
networks of 61 adult males with autism spectrum disorder and 61 neurotypical controls, using two complementary approaches to
diffusion tensor magnetic resonance imaging. First, we applied tract-based spatial statistics, a ‘whole brain’ non-hypothesis driven
method, to identify differences in white matter networks in adults with autism spectrum disorder. Following this we used a tract-
specific analysis, based on tractography, to carry out a more detailed analysis of individual tracts identified by tract-based spatial
statistics. Finally, within the autism spectrum disorder group, we studied the relationship between diffusion measures and autistic
symptom severity. Tract-based spatial statistics revealed that autism spectrum disorder was associated with significantly reduced
fractional anisotropy in regions that included frontal lobe pathways. Tractography analysis of these specific pathways showed
increased mean and perpendicular diffusivity, and reduced number of streamlines in the anterior and long segments of the arcuate
fasciculus, cingulum and uncinate—predominantly in the left hemisphere. Abnormalities were also evident in the anterior portions of
the corpus callosum connecting left and right frontal lobes. The degree of microstructural alteration of the arcuate and uncinate
fasciculi was associated with severity of symptoms in language and social reciprocity in childhood. Our results indicated that autism
spectrum disorder is a developmental condition associated with abnormal connectivity of the frontal lobes. Furthermore our findings
showed that male adults with autism spectrum disorder have regional differences in brain anatomy, which correlate with specific
aspects of autistic symptoms. Overall these results suggest that autism spectrum disorder is a condition linked to aberrant develop-
mental trajectories of the frontal networks that persist in adult life.
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Appendix D: List of abbreviations 
 
AD  Alzheimer Disease 
AD  Axial Diffusivity 
ADI-R  Autism Diagnostic Interview-Revised 
ADC  Apparent diffusion coefficient 
ALS  Amyotrophic Lateral Sclerosis 
ALSFRS-R  Amyotrophic Sclerosis Functional Rating Scale Revised 
AT  Anterior temporal lobe 
ASD  Autism Spectrum Disorders 
BA  Brodmann’s area 
bvFTD  behavioural variant of the frontotemporal dementia 
CVLT  California Verbal Learning Test 
dlPFC  dorsolateral prefrontal cortex 
DTI  Diffusion tensor imaging 
DWI  Diffusion-weighted imaging 
FA  Fractional anisotropy 
FBI  Frontal Behaviour Inventory 
FAT  Frontal aslant tract 
FIL  Frontal inferior longitudinal  
FOP  Frontal orbito-polar  
FSL  Frontal superior longitudinal 
FrsBe  Frontal Systems Behavioral Scale 
FTLD  Frontotemporal Lobar Degeneration 





GM  Gray matter 
HADS  Hospital Anxiety and Depression Scale 
IFOF  Inferior Fronto-Occipital Fasciculus 
KDT  Kissing and Dancing test 
LMN  Lower motor neuron 
mPFC  Medial prefrontal cortex 
MD  Mean Diffusivity 
MND  Motor Neuron Disease 
MRI  Magnetic resonance imaging 
OFC  Orbito-frontal cortex 
PMC  Premotor cortex 
PPA  Primary Progressive Aphasia 
PPA-G  Agrammatic variant PPA 
PPA-L  Logopenic variant PPA 
PPA-S  Semantic variant PPA 
PPT  Pyramid and Palm Trees test 
pre-SMA  Pre-supplementary motor area 
RD  Radial Diffusivity 
SLF  Superior longitudinal fasciculus 
SMA  Supplementary motor area 
TROG-2  Test for the Reception of Grammar-second edition 
UMN  Ipper motor neuron 
vmPFC  ventromedial prefrontal cortex 
WM  White matter 





WCST  Wisconsin Card Sorting Test 
  
